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TFCHNICAL FIELD 

[00011 Tbe present invenlion relates generaUy optical waveguides and methods of fonning Ibem and 
more specifically to optical waveguides fomaed fiom polymers encompassing noibomene-type repeat 
units and photolithographic methods of foraiing such waveguides. 
BACKGROUND 

[00021 Dataliansferusingopticalfi»quencycamerwavesgpneratedbysourcessuch^ 
li^-emitting diodes is becoming increasingly important One means for conducting or guiding such 
optical fiequency carrier waves fiom one point to another is called an optical waveguide. Optical 
waveguides encompass a first medium which is essentially transparent to the Ught of the optical 
fiequency carrier waves. This first medium is surrounded by, or otherwise enclosed within, a second 
medium havingalovver refractive index than that of the firstmedium. Ught introduced^ 
first medium undergoes total internal reflection at the boundary with the second medium and thus guided 
along an axis of the first medhnn. Perii^s the most frequently used optical transport medium is glass 
fonned into an elor^ated Sba. 

[00031 However, while glass optical fibers arc convenient for data transfer over long distances, they 
are inconvenient for complex high-^lensity circuitry because the high density of such circuitry makes the 
use of glass fibers fijr optical interconnects problematic and ejipenswe. Polymeric materials, on the other 
hand, hold great promise for constnicting cost effective, reliable, passive and active integrated 
components capable of performmg the required fimctions ftjr integrated optics. 
[00041 Thereforeconsiderableefforthasbeendirectedtoforiningopticd coupling devices and^^ 

recently to optical waveguides that can be fonned of polymeric materials using photolithographic 
techniques. For example, in U.S. Patent No. 5,292,620, to Booth et al., waveguide structures having a 
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predetemuned geometry andaprooss for fomri^ 

are disclosed TTie structures of the '620 patent eiicom^ 

lamiriatediiialrix where fee waveguide and any connecting structures are first fonned ina 
photohardenable film detachaWy disposed onasuppoitmg substrate. After sud^ 

photohardenable film having fee waveguide is detached fiom fee supporting substrate and laminated 
betweenafirstandasecondph0tohaidenablekyer.lnfeis manner, regions offeephotohari 

adjacent fee waveguide and any connecting structures serve as a cladding 

and fee first and secondphotohardenable layers serve to cladfee waveguide above and belo^ 

100051 On fee ofeer hand, JP laidH)pen patent publications Nos. 2004-35838 H1048443 and 
200 1 -296438 disclose a mefeod of exposing a polymer film to an actinic radiation, to change fee 
chemical stmcture of the polymer so as to obtain a waveguide structure. 

RWTFF DESCPIPTTQN OF T HF. DRAWINGS 

[00061 EmbodimentsoffeeinventionaredescribedbelowwifereferencetofeefoUowing 
accompanying drawing. 

[00071 Figs. l.2and3areschematicdrawingstbatillustrateinasimplifiedmamierasequenceof 
forming waveguide regions inawaveguidepatternable film in accordance wife an «^ 
embodiment of the present invention; 

[00081 Fig.4isanElectronProbeMicroanalysis(EPMA)ofastructurefomaedinfeemamierofthe 
sequence dejacted in Figs. 1, 2 and 3; 

[00091 Figs.5,6,7,8and9arescheinaticdrawngsfeatiUustraleinasimplifiednQ^ 
fomiing waveguide regions in a waveguide pattemable fihn in accordance wife anofeer exe^ 

embodiment of fee present invention; and 

[00101 Fig.lOisabarchartdepictingtheamountofenergyoutputbyatypicaIniercuryva^ 
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selected wavelenglbs within the UV spectrum and an overlaid absorption spectra of RHODORSIL® 
PHOTOINmATOR 2074 (available from Rhodia USA Inc^ Cranbury, NJ). 

nirr AH .F.P D ESCRIPTION 

[00111 ThepresentinventionishercinafterdescribedbasedontheembodimentsofM^ 
polymers. Various modifications, adaptations or variations of such exemplary embodiments 
iKreinmay become apparent to those sldUedinthe art as suchared^^^ 
such modifications, adaptations or variatiom that rely upon die teachings of the present 

tough whichthesetcachingshaveadvancedihe art. are consider 
the present invmtiorL 

(00121 Tlietemi''norbomene-type"isusedhereintomeanamonomermalerialthatcontainsatl^ 
onenorbomenemoietyinaccordancevi(hStmctureAshoA«^betow,orapolymm^ ' 
fomiedftomsuchmonomersand1hathasatlcastonerepeatunitinaccordance>wth 

shown below. 

o ' ^ • 

[00131 ThetemisWlinker''and"crossIinkingmonomer''areusedinterchan^ 
nwDomerthat contains at least tvronorbornene-type moieties such as shovmato^ 
polymerizable.Suchcm8slinkers include bo&fiisedmuiticycficringsy^ 
systems, as will be described more fiilly below. 

[00141 TlMtennswaveguidechamudorcorerefertoaportionofapolymericfihnhavingasq^ 

rectangular aoss-sectioiialproffle Wiethe dimensions of the square or rectanguto 

ranging from about Ipm to abomlOO^m in some embodiments, fiomaboutSMm to about 1^^ 
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other embodimente and from about I0\mi to about 60|im in stiU other embodiments. Such waveguide 

channel or (X)ie regions are further characterized as having arefiacti^ 

reftactive index of laterally a<^acent regions which are refened to as cladding regions. 

[00151 Refenii^ first to Fig. l.aportionofawav^uidepatlernablefilm lOofaphoto-induced 

theraially developable material (PUDM), in accordance with embodiments of the present invention, is 

depicted disposed on a support subsliate 5. GeneraUy, substrate 5 is a silicon, silicon dioxide, glass or 

quartz substrate, or a polyetfiylene tereph&alate (PEI) film. 

[0016] The PUDM encompasses a noibomene-type polymeric material matrix 15 having a plurality of 
norbomene-type repeat units and materials 20 dispersed therein to fonn a varnish solution of such 
materials 20 and matrix 15. Materials 20 may include a photoinidator material, a procatalystinateriai 
and anorbomene^ monomer material. The tenn "photoinitiator material" will be understood herein 
to include both cationic and anion photoinitiator materials vAich are also refened to as "photo acid 
generators" and "photo base generators," respectively. Generally, the PUDM of film 10 also 
encompasses one or more antioxidant materials to prevent undesirable ftee radical genaation and 
auto-oxidation of the norbomene-type materials, altiiough the inclusion of such antioxidants can be 
optional where the PITDM is not subjected to oxidative conditions or where the period of such exposure 
is limited. Each of the materials 20 is essentially unifonnly and randomly distributed wilhin matrix 15, 
thus when film 1 0 is fonned, such materials 20 are essentially unifonnly and randomly disttibuted 
iherein. 

10017] The PITDM is applied to substrate 5 to form film 10 using any one of several appropriate 
application methods. Such mefliDds include, but are not limited to, spin coating, spray coating, dip 
coating and spreading with a doctor blade. In one exemplary embodiment of the present invention, a 
solution of the PITDM, also referred to herem as a "varnish solution," is poured onto a glass substrate and 
spread to an essentiaUy uniform thickness using a doctor Wade. In some embodiments of tiie present 
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invoition, the essailially uniform thickness is fix)m about 5 pm to about 200 fim, while in otho* 
embodimoits layer 10 has a thickness of fiom about lOjun to about lOOjim and in still other 
embodiments layer 10 has a thickness of fix»m about ISpm to about 65|im. After spreading, the coated 
^ass substrate is allowed to sit on a vented leveling table to allow Ae spread fihn to level suifece 
irregularities resulting from the method of application as well as to allow for solvent evs^ration and the 
forming ofasoUd film, such as PITOM film lOdepicted in Fig. IJtv^ 

oealed by spreading the vamish solution to an essentially uniform thickness, materials 20 and matrix 1 5 
encompassed within such vamish solution are essentially unifomily and randomly distributed within film 
10 di^sed on substrate 5. 

[0018] Matrix 1 5 generally encompasses a norbomene-type polymer having two or more distinct 
norbomene-type repeat units. For ©cample, the polymer resulting fiom the polymerization of essentially 
equal amounts of hexylnorix)mene (HxNB) and dq)hm)imefliyl noibomenemethoxysilane (diPhNB) 
results in a copolymer fliat is usefiil for matrix 15. However, it will be noted that while matrix 15 
generally encompasses two or more distinct norbomene-type repeat units, the inventors believe that for 
some onbodiments in accordance wifli the present invention, matrix 1 5 can be an appropriate 
homopolymer. Hence such appropriate norbomene-type homopolymeis are within the scope and spirit of 
tiie present invention. 

[00191 Matrix 15 can also include repeatiiig units having a cleavable pendant^ Hie term 
"cleavabie pendant groiq>" means a pmdant group that includes a moiety or site where the pendant gtoiq> 
is cleaved. Usually, a proton or anion interacts with the moiety, or at the site, to cause tiie release a 
portion oftiie pendant groiqpfiiom the matrix. Thus, the "cleavabie pendant group" in the present 
invaition is either "acid (proton) cleavabie pendant group" or 'base (anion) cleavabie pendant gro\q) ." 
While in tiie embodiments discussed herein, the cleavabie pendant group is an acid cleavabie pendant 
ffoup, base or anion cleavabie pendant ffoups are also contemplated and ttius are within the scope of tiie 
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present inventioa Tlierdeased pendant group is usuaUyrenwvedfiwm the matrix, so as to 
refiactive index. Howevw, it is unnecessaiy to remove flie released pendant ffoxip fiom Ae matrix, if 
the compound generated fiom the released pendant group serves to provide distinct refiactive indices 
betvveenvMithin the released and non-rdeased regions, evai when renMining in the ma Inthe 
present invention, it is referred to as "photo bleaching" that the pendant group of a polymer matrix is 
released by means of exposure to actinic radiation so as to diange the refiactive index of the polymer 
matrix. It will be understood diat the term "actinic radiation" is meant to inchide any raliation capable 
of causing a photochonical type of reaction, and fiirtiier mcludes, herein, election beam radiation, x-rays 
and the like. 

[0020] In some embodiments of the present invention, matrix 1 5 has a pendant group having a moiety 
of -O, -Si-phaiyl, or-OSi-. hi otiier embodiments of the present invention, matinx 15 has apendant 
group havingamoiety of -Si-diphenyl or -OSi-diphenyl, and in particular -OSi-diphenyL hiotiier 
embodiments of the present invention, mattix 1 5 is a homopolymer or copolymer of a diPhNB polymer. 
[0021] Materials 20 include one or more distinct norbomene-type monomers where at least one of 
such moKMners is a crosslinking norbomaie-type monomer. An exenq)lary crossUnker and 
norbomene-type monomer found usefiil for embodiments of the presoit invwition as 
bis<norbomenemelhoxy) dimethylsilane (SiX), and hexyl norbomene (HxNB), respectively. 
[0022] Cationicphotoinhiators, in accordance wi&tiie present invHitiDn, are generally commerd^ 
available materials that decon^wse \xpoa. exposure to actinic radiation of an appropriate wavelength to 
form, in pertinent part, a cation such as a proton, and a weakly coordinating anion (W CA) such as 
tetrakis(penlafluorophenyl)borate (FABA), SbFe', tetrakis(pentafiuoropheiqfl)gallale, ahaninates, 
antimonates, other borates, gallates,carboranesandhalocaiboranes . hi view of releasing the cleavable 
pendant ffoap of the matatial layer, it is advantageous to select cadonic photoinitiators having such 
weakly coordinating anion of FABA" or SbFs", and paiticulariy FABA; as shown in the fonnulas below. 
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Rhodorsil X-X^-^-TX 
MPl-103 HaC-O- 
TAG-372R 



FABA 




FAB A' 



TAG-371 

FABA 

+ 

TTBPS-TPFPB iQ 

-H>K>f 



FABA 



Exemplary materials usefiil in embodimenls of the present invention are RHODORSIL® 

PHOTOINrnATOR 2074 ((tolycumyd) iodonium trtralds (pentafluorophMiyl) borate, CAS No. 

178233-72-2X available fiom Rhodia USA Inc., Cranbury. NJ and TAG-372R photo add gpneiator 

(dimeftyl (2-(2-naphthIy>2-oxoethyl) sulfonium tetrakis ^wntafluorophaiyl) borate, CAS No. 

193957-54-9) available fixon Toyo Ink Mfg. Co., Ltd of Tokyo, J^mul 

[0023) When the PTTOM includes a proattdyst,graeraIly such is sdectedfi^ 

of procatalysts bavir^ molecules represented by formuki I: 

((R)3E)2Pd(Q)2 I 

\>te^)3E represents a Gtotqj 15 neulnd electron donOTligandwheranE is an element selected fiom 
Groiq) 15 of the Periodic Table of the Elements, R indqsendently represents hydrograi or a hydrocarbjd 
containing moi^, and Q is an anionic ligand sdected fijom a carbojQ'lale, thiocaiboxylate, and 
dithiocarboxylate group. One such exemplary procatalyst is Pd(PCy3)2(OAc)2 (Pd785) where Cy is an 



8 



abbreviation representing a cyclohexyl moiety and Ac is an abbreviation representii^ an acetate moiety. 

[0024] Where antioxidants are included in materials 20, Qba® IRGANOX® 

1076 and Ciba® IRGAFOS® 168, available &om Ciba Specialty Chemicals 

Corporation, Tarrytown, NY., have been found useful, altiiough oflia: ^jjHOpriate antioxidants can also 

be used. Some other exemplary antioxidant include Ciba® Irganox® 129, Ciba® Irganox® 1330, Cfl>a® 

Irganox® 1010, Ciba® Cyanox® 1790, Ciba® Irgsnox® 31 14 and Ciba® Irganox® 3 125. 

[0025] Turning now to Fig. 2, the portion of spresd film 10 shown has been dried, that is to say that 

essentially all of any solvent(s) used to form a solution of matrix 15 and materials 20 have been allowed 

to evirate and a solid ^read film 10 is formed Solid spread film 10 of the PITDM has a first 

Refi:active hidex (RI) throughout where such first RI is a fimctionof the materials selected fi>r matrix 15 

and uniformly dispersed materials 20 thereirL 

[0026] As depicted, regions 25 of fikn 10 are «q)osed to actinic radiation 30 throu^ masking tkmsai 
35, where a source of actinic radiation 30 is selected based on the sensitivity of the cationic photoinitiator 
in materials 20 to such radiation. Thus, where RHODORSIL® 2074 is employed in fihn 10, a mercury 
vapor lamp is used as an ultraviolet (UV) radiation source to provide sufficient aiergy below 3 00 
nanometers (nm) to cause the decomposition of flie Rhodorsil and provide tiie cation and WC A as 
mentioned above. Laterally adjacent to exposed regions 25 are une3qx)sed regions 40 which arc protected 
fiom radiation 3 0 by opaque portions of masking element 3 5 as depicted. 
[0027] It will also be understood that while masking elraient 3 5 is dq)icted as only having two 
openir^ for allowing radiation 30 to pass fliioughto regions 25 of fihn 10, such a depiction is simplified, 
and masking elanent 35 can be provided having a variety of more complex pattmis to define (me or 
more optical waveguide elements and/or coupling devices. It should be noted that region 25 can be 
e^sed by using a laser radiation, and in such case, it is unnecessary to use any masking element 3 5 . 
For example, waveguides in accordance with embodiments of tiie present invmtion can be used for data 
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communication applications such as "On board Oiip to Chip hiterconnects;" Optical Switches; and a 
variety of optical backplane applications such as Optical Add Drop Muhiplexeis (OADM); Multiplexers 
and Demultiplexers; Arrayed Waveguide Gratings (AWG); Microeleclio-mechanical Systems (MEMS), 
and Microoptoelectro-medianical Systems (^OEMS). In addition, fehrication methods in accordance 
wifli tiie present invention are useM to form difl&action gratings, holographic fihns, lenses, nucrolens 
arrays and lens cap structures. Thus it will be realized tiiat the types of waveguide structures tiiat can be 
made using tiie methods of the present invention are ^erally limited only by the availability of a 
photomask having the pattan required by the application. However, regardless of the complexity of any 
pattern used to defirie optical waveguide demaits» each e3qx>sed region 25 defined by such pattern will 
'have one or more unexposed regions 40 lataBlly adjacent thereto. 

[0028] Without wishing to be bound by theory of invention, it is believed that upon exposure to 
radiation 30, the photoinitiator in exposed regions 25 reacts or deconqx)ses, in response to flie exposure, 
to release a proton, or other cation, and a weakly coordinating anion (W C A) . The iroton and WC A serve 
to cause tiie forming of an active but latmt catalyst in situ, fliat is to say within exposed regions 25 of fihn 
10. It vvill be undastood fliat referring to flie catalyst as "active but 
additional changes/reactions, such latent catalyst will not cause flie polymerization of the 
norbomene-type monomers witiiin regions 25 at room tenq)erature. 

[0029] In some embodiments of tiie present invention, for tfie purpose of obtaining tiie active but latent 
catalyst, tiie film is exposed at an exposure energy of 0.1 J/cm^ to 9J/cm^ and in particular, of 0.5J/cm^to 
5J/an^. Typically the fihn is exposed to an actinic raiatiGr! having a peak wavelengfli of 20Qnm to 
450nm. 

[0030] The active but latent catalyst has an activating temperature diflfeent fiom an original activating 
tenperature of tiie procatalyst Typically this activating temperature is lower tiian tiie original 
activating temperature. In some embodiments of the present invmtion, the active but latent catalyst has 
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an activating temperature lO'C toSO'C lower tim an original activatirig temperature of the procatalyst 
[0031] Turning to Fig. 3, the structure of Fig. 2 is shown after thermal curing. That is to say, the 
structure of Fig. 2 is heated to a first temperature for a first period of time and then to a second 
temperature, higgler than the first, for a second period of time. The first te[iq)erature is suiGEicient to cause 
the latent catalyst to become an active catalyst and cause polymerization of tiie norbomene-type 
monomers witiiin regions 25. However, the first temperature should be lower than the teix^)a:ature to 
make the procatalyst active within unexposed re^on. Advantageously, it has been found that in 
addition to the polymerization of the norbomene-type monomers originally dispersed witiiin regions 25 
at tiie time of tiie first heating followed by the exposure to actinic radiation 3 0, additional 
norbomene-type monomers diffiise into e:qx)sed regions 25 Sxm contiguous, unexposed areas of film 1 0 
and are polymerized thereia 

[0032] hi some embodiments of the presmt invmtion, monomers are polymerized in the matrix to 
form another polyma: distinct polymer fiom die matrix polymer, hi other embodiments of tiie present 
invention, monomers (crosslinkers) serve to crosslink die polymer matrix, hi some otiier embodiments 
of the presmt invention, monomers are polymerized to grow up as a branched polymer fix)m a main 
chain or a pedant group of tiie matrix polymer. 

[0033] Before any exposure to actinic radiation 30, PITDM film 10 has a first refi:active Index (RI). 
Afi^ such exposure and subsequent curing, exposed regions 2S have a second RI and laterally adjacCTt 
unexposed regions 40 have a tiiird RI, where each of tiie second RI and tiie titird RI is different fit)m each 
other and fix)m first RL As mentioned above, the norbomene-type monomers en^}loyed in embodimmts 
of the present invention are selected suchtiiatvdira they are polymerized witiim exposed regions 25, tiie 
resultant polymer changes tiie RI of such exposed regions 25 fiom the first RI to the second RI. In 
addition, it has been found that norbomene-type moncmers fifom unexposed regions 40 difiiise into 
e?^sed regions 25 and are polymoized tiiereia Sudi difiusion of monomers fix>m un»posed regions 
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40 to exposed r^ons 25 changes the RI of regiom 40 fom the first RI to 

[0034] In Older to distinguish the second RI firom the tiiird RI, matrix 1 5 g^eially has a refractive indM 
diffCTent fix)m that of the diffusing monomer. In some embodiments of the present invention, matrix 1 5 
has a re&acdve index higher dian that of tfie diffusing monomer. 

[0035] As a resuh of the diffusion and at least two distinct healing steps, the region 25 (exposed region) 
has a concentration of the repeating units or units of the monomer or crosslinker higher than that of 
region 40 (non-exposed region). 

[0036] Where the second RI of exposed regions 25 is lower than the third RI of unexposed regions 40, 
such unexposed regions 40 serve as optical waveguide cores or channels and e)qx)sed regions 25 serve as 
lalacally adjacent cladding regions. Alternatively, \rfiere the second RI is higher than ttie third RI, 
exposed regions 25 serve as optical waveguide cores or charmels and the unexposed regions 40 serve as 
lat^ally adjacent claddii^ regions. 

[0037] It should be noted tiiat the thermal curing described briefly above is particulariy advanta^us 
when the first period of time is sufl&cient for polymerization witiiin regions 25 to be substantially 
complete to make the pattern of waveguide channel and clad regions visible. In addition, it is 
advantageous for the second temperature to be sufficimtly hi gh to cause any rmiaining cationic 
photoinitiator to thermally decompose and form the same species as previously described being caused 
by radiation 30. It is believed, again without wishing to be bound by theory of invention, that this second 
heating results not only in the polymerization of any residual, not yet polymerized, norbomene-type 
monomers within exposed regions 25, but also to cause the polymerization of any of such monomers 
remaining in une:q)osed regions 40 . In this mann^, heating to &e second tenqserature serves to stabilize 
the resulting structure of optical waveguide channel (or core) having laterally adjacent cladding regions. 
If necessary, additional heating can be epphed for fijrther stabilization, and in such case, graerally the 
additional heating is carried out at a temp^tuie20't^ hig|:i» than the activating temperature of the 
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non-exposed region. 

[0038] In addition to this at least two step curing cycle, it has been found advant£^us to wait for a 
period of time of about 30 minutes to about 60 minutes before beginning the first step of the thennal cure 
cycle of an exposed structure. While it is uncertain \^ this waiting period is advantageous, it is possible 
that due to the very low rate of diflftjsion or propagation at room tra^jerature, delaying the thermal cure 
may allow for a more complete or uniform conversion of procatalyst to latent catalyst thus providing for 
more uniform polymerization widiin the exposed region. 

[0039] Without wishing to be bound by theory of invention, it is believed that in the embodimrats of 
the present invention the proton generated fiwm the photoinitiator interacts with the moiety, or site, of the 
acid cleavable pmdant groi?), resuhing in the release of a portion of the pendant groi^. The pendant 
group is released at the time of receiving appropriate exposure enei©^ and/or at the time of heating at an 
appropriate temperature. 

[0040] Suppose, for exanq)le, matrix 15 made of ahomopolymer or a copolymer of diphaiyteiettiyl 
norbomenemethoxysilane (diPhNB). The matrix includes a repeating unit resulting fix)m a 
noibomene-type monomer, having a moiety of "-OSi-" in the pendant gtoiq). Without wishing to be 
bound by theory of invention, when the fibn is exposed to an actinic radiation in the presence of a lAoto 
acid generator, e.g., RHODORSIL® PHOTOnSHTIATOR 2074, a proton is generated within region 25 
to attack the moiety "-OSi-" to cleave the bond ttiaebetween so as to release the gtoi^ of 
"-Si-methyldiphenyl" group. 

[0041] In the embodiments using matrix 15 of a norbomene-type polymer, for the purpose of releasing 
the add cleavable pendant groiq), region 25 is exposed at an exposure energy of 1 J/cm^ to 9 J/ cm\ and in 
particular, of 3 J/cm^ to 6J/cm^. Also, for the purpose of releasing the acid cleavable pendant groiq), 
region 25 is exposed to an actinic radiation having a peak wavelength of 200nm to 450nnL 
[0042] Afte* releasing the cleavable pendant groiq), the film is heated for e.g., ranovii^ the released 



13 



pendant group firam the matrix. In view of fonning a waveguide structure having distinct refiactive 
index regions, generally die film is healed at a temperature of 70''C or more, and in particular, at a 
temperature of SS'C or more. The upper limit ofthe heating temperature is deteraiined in considering 
tte heat resistance of the film. In case of the norbomene-type polymer, that the upper limit is g^erally 
aboutZOO'C. Generally the range for the heating is fix>m70*C to 195°C, and typically, fix)m SSt: to 
150°C. 

[0043] It may be consi(fered that the region reducing the numbers ofthe pendant group has a refractive 
index lower than the region where the numbers of the pendant group are not reduced. Thus, in the 
embodiments, non-exposed region 40 has a concentration of the pradant group higher than that of 
exposed region 25. 

[0044] Apparent fiom the description above, such distinct refi^ve indices within the exposed region 
and the non-exposed r^on can be obtained either by the eflfect of the difiiision or by the effect of the 
photo bleaching, or by the eflfect ofthe both. Without wishing to limit the invention, in order to obtain 
the eflfect ofthe diflRision, it is necessary that the PITDM includes a monomer, a photoinitiator and a 
procatalyst, as discussed above. Without wishing to limit the invention, in order to obtain the eflfect of 
the photo bleaching, it is necessary that the PITDM includes a polymer matrix including a cleavable 
pendant ffoup and a photoinitiator, as discussed above. 

[0045] Apparent from the description above, it is considered to be necessary to s^jpty ^ 1^ step 
healings in order to obtain the eflfect of the diffusion, and on the other hand, it is sufiBcirat to apply one 
step heating in order to obtain the effect ofthe photo bleaching. It should be noted that even after the 
heating(s), the procatalyst, photoinitiator or residue(s) diereof may remiain in the resultant waveguide 
stmcture. 

[0046] Referring to Fig. 4, an Electron Probe Microanalysis ^MA) of a waveguide pattern fomied in 
a waveguide pattmiable film in accordance with the process steps desoibed above (see. Example 2, 
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below). For the purpose of enhancing the sensitivity of the EPMA only, the plurality of norbomene-type 
monomers used for fonning die waveguide pattern used for the EPMA of Fig. 4, only consisted of the 
crosslinker monomer SIX. Li this manner, flie concentration of silicon available for detection by the 
analysis instrument was inoeased. Focusing on the upper portion of the EPMA where ^con 
concentration is mapped, it is readily evident that in each of the narrow vertical re^ons (unexposed), the 
silicon concentration is greatly reduced relative to the adjacent regions (exposed). It is believed that such 
an EPMA is indicative of the difiiision of SiX monomer molecules fiom un&qx)sed regions into exposed 
regions \^erein a homopolymer is formed by the action of the catalyst formed thereirL 
[0047] It wiU be understood that the description ofthe structures depicted in Figs. I,2and3 aswellas 
the description of the processing applied to each of such structures, sbov/s the formation of optical 
waveguide regions within waveguide pattemable fihn 10. It will be noted, however, that additional 
processing ofthe fihn containing the optical waveguides is contm^lated For example, in some 
^bodiments ofthe present invention, after forniing die optical waveguide . 
1 0 will be removed bom substrate 5 and laminated to or otherwise di^sed on and affixed to other 
layers diat will serve as cladding for the core sui&ces having laterally adj acent cladding regions. Such 
cladding layers are selected or formed to have a refractive index (RI) similar to the RI of the laterally 
adjacent cladding regions formed in fihn 10. 

[0048] hi Figs. 5-9 a sequence of fonning waveguide regions in a portion of a waveguide pattemable 
fihn in accordance with another exemplary embodimait of the present invention is depicted 
[0049] Turning first to Fig. 3, a substrate 100 is shown having an essentially unifomi thickness of a 
first layer 11 0 of a first varnish solution disposed tiiereon. Gaerally, substrate 1 00 is a glass or quartz 
substrate, or a poly^ylene terephthalate (PET) fihn. 

[0050] hi some embodiments ofthe present invention, the essentially uniform thickness of layer 1 10 is 
fiom about 5 ^m to about 200 ^m, while in other embodunents, layer 1 1 0 has a thickness of fix)m about 
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lOpm to about lOOpmand in still other embodiments, layw 1 10 has afliickness of fiom about 15|im to 
about 65^m. While any of appropriate coating method, such as those discussed briefly above with 
respect to the embodiment of Figs. 1-3, may be used to dispose layer 1 10 on substrate 100, spreading the 
first varnish solution using a doctor blade has been found to be advanta^us for forming sudi layer. 
[0051] to Fig. 6, a waveguide pattemable fihn 120 of a photo-induced Aennally developable material 
(PrrDN4) is shown disposed over first vamish layer 110. It will be noted that layer 120 is advantageously 
formed over layer 11 0 by spieadii^ a second vamish solution ^compassing the PITDM using an 
appropriate spreading method without allowing layer 1 1 0 to substantially dry. 
[0052] While it is believed to be desirable that the materials of layers 1 10 and 120 remain essentially 
distinct firom one another, it is lilcely that as the second vamish solution is spread over a wet layCT 110, 
some intermixing of the material of layer 1 10 and the material of the second vamish solution occurs. 
While not wishing to be bound to any theory, it is believed that such intenraxing of the two materials can 
have a beneficial result in aiding to enhance the adhesion of layer 1 1 0 to layar 1 20 in a completed 
structure where such intermixing is controlled. One factor in having controlled intOTnixing, as well as to 
allow for the uniform qneading of the first and second vamish solutions to a desired thickness, is 
preparing sudi vamish solutions to have a desired viscosity. For example, it has been found 
advantageous in some embodimmts of the presmt invmtion, for the first and second vamish solutions to 
each have a viscosity firam about 100 centipoise to about 10000 centipoise. Also advant^eous is whwe 
the first and second vamish solutions each have a viscosity fiom about 1 50 centipoise to about 5000 
centipoise and additionally where the first and second varp^sh solutions each have a viscosity bom about 
200 coitipoise to about 3500 centipoise. In some embodiments in accordance with the presmt invention, 
it has been found that having the viscosity of the second vamish solution higho: than die viscosity of the 
first vamish solution is advantageous. In some embodiments of die present invention, layer 1 20 has an as 
spread thickness of fix)m about 5 ^m to about 200^m, vMe in other embodiments Isomer 1 2 0 has a 
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tiucdaiess of fiom about 1 Spm to about 1 25 Mm and in stm other em^ 
of ftom about 25|imto about lOOnm. 

[00531 Turning to Fig. 7, a layer 130 of a third varnish solution is shown 

disposed over weguide patternable layer 1 20 to fom a tbree-layer 

structure 200. Uyer 130 is ^Ued overlayer 120 iiianfflnner analogous to that de^^ 

appUcalionoflayer 120 over layer 110. Also analogous is the beUef that vMeitrnay be 

materials of layers 1 20 and 1 30 to be essentiaUy distina ftom one another allowing some connoUed 

intemiixing may alsobe advantageous. Wore, ithasto 

tod varnish solutionto have the same ranges of viscosity, provided ato^^ 

vamisbsolutions,andinsome embodiments, for layersUOand 130 tobe^ 

soludoa 

[0054] Wilhregardtothickness.insomeembodiraentsofthepresentinvention,kyerl30hasa^ 
spieadthickriess of fomaboutSMmto about 200pm, >^einotber embodiments 
thidmessof fiomaboutlOMm to about lOO^m and insdU other embodiments!^^ 
offiomaboml5Mmtoabom65Mm.Atosecondlayer 130 is^hedthe three la^ 

heatedto atempeiatuie fiom about25»C to about 40«C for about 15 minuted 

aUowfor the eviration of at least some ofthesolvent(s)used in the fomiulationofs^^^ 

solutions. 

[00551 It^viUbeunderstoodthatinthe1hree-layerslnlCture200depictedinF^ 

stnK:tures. that is to say chamiel or o^re regions having laterally 

subsequently fomiedonlyinlayerl20inamam»er analogous to fomung of regions 

layer 10(see.Fig. 3 and the description ofthefomiing of such teachings/descriptions are appUcable to 

Ihe PFTOM of layer 120.regions as provided above). It wiU further be underst^ 

embodiment ofthepresentinventiondesciibedinFigs. 1-3. as part ofthefomiing process described with 
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reference to anbodimails of the present invention in accordance with Figs. 5-9 and the description 
herein, first and Aird varnish lay^ 1 1 0 and 1 30, respectively, will form cladding regions distinct bom 
the laterally adjacent cladding regions that will be formed within layer 120. Thus unlike waveguide 
structures previously known, for example the stmctures taught in the previously mentioned '620 patent, 
the additional steps of laminating cladding material or layers to the layer ^compassing the waveguide 
cores is eliminated in the embodiments of the present invention described with reference to Figs. 5-9. It 
will also be understood, that vsiiile &e spreading of the materials to form layers 1 20 and 1 3 0 has hem 
described as spreading such materials over anunderiying wet layer with no intervening period of time for 
such underlying layer to dry, in some embodiments of the presait invention, some drying time is 
provided. 

[00561 As previously mentioned, it is desirable for each of layers 1 10 and 130 to adhere to intervening 
layer 120 in the completed three-layer waveguide structure. It is believed that having some interoaixing, 
of the materials of layas 1 10 and 1 30 witii the materials of layer 120 is beneficial in this regard. To aid in 
promoting the adhesion effect of such interaiixing, or where essentially no physical intermixing occurs 
during the spreading of die several varnish solutions, some embodiments in accordance wi&the pres^ 
invoition encompass vamish solutions used for layers 1 10 and 130 that utilize analogous materials to 
those used for the vamish solution that forms layer 120. In this manner, it is believed that during the 
forming of the complete three-layer waveguide structure, polymerizations, such as those Aat occur 
within layer 120 to define core and clad regions, can also occur in any or all of (1) within layers 1 10 and 
130, (2) within regions of intemiixing at interfeces between adjacent layers, and (3) across such 
inta&ces and/or inter&cial regions. 

[0057] Turning now to Fig. 8, portions of three-layer structure 200 are depicted being exposed to 
actinic radiation 300 through masking elements 350. As dq)icted, only regions 150 are exposed to actinic 
radiation 300 through masking elements 350; regions 140 are protected fixm such exposure by opaque 
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portions of masking elements 3S0. The source of actinic radiation 300 is selected based on the sensitivity 
of the cationic photoinitiator selected to such radiatioa Thus, where RHODORSIL® 2074 is enq)loyed 
in layer 120, a mwcuiy v2(X)r lamp is used as an ultraviolet (UV) radiation source to provide sufficient 
energy below 300 nanometers (nm) to cause tiie decomposition of the Rhodoisil and provide the cation 
and WCA as mentioned above witiiin exposed regions ISO. 

[0058] It will also be understood tiiat while masking element 350 is depicted as only having two 
openings for allowing radiation 300 to pass tfamug^ to regions 1S0» such adq)iction is simplified, and 
masking element 350 can be provided having a variety of more complex patterns to define one or more 
optical wav^uide elements and/or coiq}ling devices. 

[0059] Refeniig now to Fig. 9, the structure of Fig. 8 is depicted after thermal curing. Tliat is to say, 
the structure of Fig. 9 was heated to a first traiperature for a first period of time to allow for the removal 
of any residual solvents with structure 200, then to a second tenq)erature, hi^er than the first, for a 
second period of time and finally to a third temperature, hi^er than die second, for a third period of time. 
The second temperature is sufficient to cause active but latent catalyst to become an active catalyst and 
cause the polymerization of the norbomene-type monomers within exposed regions 150. 
Advantageously, it has been found that in addition to the polymerization of the norbomene-type 
monomers originally dispersed within regions 1 50 at the time of the exposure to actinic radiation 300, 
additional norbom^tie-type monomers dififiise into exposed regions 150 fiom ime?qx)sed regions 140 of 
film 120 and are polymerized therein. It will be understood that the exposure and thermal curing of laya:s 
of structure 200 are analogous to such e3q)0sure and curing described for the embodiment of Figs. 1-3. 
Thus after tiie second period of time a waveguide pattern is generally visible within structure 200 v/hste 
one of exposed and unexposed regions 150 and 140, respectively, is a core region and the other is a 
laterally acyacent cladding regioa 

[0060] While tiie second temperature and period of time are generally sufificimt for polymerization 
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vnihinregioiB 150 to be substantiaUy complete, it is advanlag^^ 

suffidertly high to cause any temaining cationic photoinitiatDr to thermaUy decompose and fonn the 

same species as previously describedbeingcmised by radiationSOOJt is te^^ 

to beboundby theory of invention, that the third heatingiesultsnotody in the pol^ 

residual, not yet polymerized, norbomene-type monomers vAhin exposed 

Ihepolymerizationof any of such monomers remaining in unexposed regions 140. In this manner, 

healing to the thini temperature serves to stabilize the resuWngstr^ 

core) having latwally adjacent claddii^ regjons. 

{00611 ltshouldberealizedthatvMestnKtute200andtheptocessingtheteofisa^^ 
embodimerrt of Figs. 1-3. structure 200 encompasses additional layers 1 10 and 130 which underiie and 
overiie, respectively, layer 120. Generally, like layer 120,layers 110 and 130 also include a photoinitiator, 
a piocatalyst. a polymer matrix and monomers, togredients for the layers are sel^ 
efectsofthedifiiKionandphoto bleaching, Because layers 110, 130 are intended to serve as cladding 

layers, the polymer matrix oflayersUOand 130 is selectedtobe different fcmfl^ 

employedfor layer 120. For example, where the polymer matrix of layer 120 has a relatively high 

refiactive index (RI), the polymer matrix of layers llOand 130 wDuld^^ 

numner, the fomiing of distinct core and clad regions in layersllOandB 

rnonomerselectedfosuchlayeisisgeneraUythesamemonomerutili^ 

tomonomerratioisgenerallya(Sustedlowerthanthatoflayerl20. In view ofthe above, the polymer 

matrices of layersllOand 130 genetaUyhaveareftactive index the same as or similar toto^^^ 

rnonomerstherdn,inorderto avoid fomiationof distinct core and da^ 
Also, it is advantageous that layers llOand 130 includesapolymermatrixhavingrepe^ 
without cleavaWe pendant groups, and/or includes no photo arid generator.inonJer^^ 
ofthephoto^leachinginlayersll0andl30. It is beUeved that monomer fiom layers 1 10 and 130 
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diffuse into layer 1 20 and is included into polymer chains that are included within at least two adjacent 
layers and predominately formed during flie healing to the second temperature for the second paiod of 
time. In this manner it is believed that adhesion between such adjacent layors is enhanced It should be 
noted that other formulations of the varnish solutions used for layors 110 and 130 are contemplated 
and/or have been evaluated. For example, in some embodiments of the present invention vanu^ 
solutions for layers 1 10 and 130 incorporate norbomene-type polymers whae at least one of the 
noibomene-type repeat units encompasses apendant group having an epoxide moiety, and an add 
generating material to provide for opening tiie aforementioned epoxide moiety. 
[0062] In addition to the examples of waveguide structures, and the materials used to form such 
stmctures discussed above, it is contemplated that varnish solutions can be prepared usir^ a 
norbomene-type polymer where at least one of die repeat units of such polymer encompasses a pendant 
ffoup having an epoxy moiety or TMSE (tiimethoxysilylethyl) moiety group. An exenplary 
norbomene4ype polymer is ttie copolymer of Hexyl Norbomene (HxNB) and 
norbomenemethylglycidylether(AGENB) and an exenq)laiy varnish solution would include such an 
IfaNB/AGENB copolymer and an acid gmerator material for causing the epoxy moiety to open vAen 
desired. Such a varnish solution can have excellent adhesion to the fihns of the presrat invention that are 
used for forming waveguide channels and laterally adjacent cladding regions. Advantageously, in some 
oivisioned embodiments, the add generator matmal selected for such a varnish solution can be a 
photoinitiator such as RHODORSIL 2074 or TAG-372R such tiiat opening the qx>xy moiety is 
contemporaneous with the forming of waveguide structures in an adjacent layer, hi other onbodiments 
the add generator material can be selected to open the epoxy moiety in a manner independent of the 
forming of waveguide structures in tiie adjacent layer. For example, an acid generator material can be 
selected diat is not absorbing at the same waveler^;ths as the jdiotoinitiator used in the waveguide 
fotmir^ layer or that is diermally activated ratiier than photonically activated. In anotiier variation, a 
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non-absoibing photobase genoator (PBG) or a thermal base generator (TBG) can be used in the varnish 
solutioa This will provide anoflier route to the ring opening of the epoxy functional groups, 
[00631 Th^ it is envisioned that three-layer waveguide structures can be made in accordance with 
embodim^its of the present invention using varnish solutions encompassing polymers widi 
norbomrae-type repeat units ttiat include an epoxy moiety. For example, referring to Hg. 9, layers 1 10 
and 130 can be fonned using such polymers having norbomene-type repeat units that include an cpasy 
moiety. 

[0064] Thai, the norbomoie-type polymers and polymerization method of the norbomaie4ype 
monomos are hereinafter described in more detail. Li addition to the description here, the contents of 
US Patent No. 5^02,388, US Patent No. 5,053,471, JP PatentNo. 1,132,625, JP Laid^pen Patent 
Publication No 2004-2795, and JP Laid-open Patent Publication No H741550 are incorporated in this 
specificatioa 
Monomers 

[0065] As e3q)lained above, a monomer may be included in the PUMD. In some anbodiments in 
accordance with the present invention, the monomer can include norbomene-type monomeis. For 
example, the norbomene-type monomers in accordance with the present invmtion may be represented 
by Structure C below: 



\y4iCTein "a" represents a single or double bond, to R"* independently represent a hydrogen, 
hydrocarb>d or ftmctional subsdtuent, m is an integer fiom 0 to 5, and when "a" is a double bond when 
one of R\ R^ and one of R^ R** are not present 




C 
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[0066] Whai tfie substituent is a hydrocarbyl group, R' to can be a halohydiocaibyl, or 
perhalohydiocarbyl gioiq>, or even a peihalocarbyl grotq) (e.g., a trifluoromethyl group). In one 
embodiment, R' to R" independently represent hydrocarbyl, halogenated hydrocarbyl and 
perhalogenated hydrocarbyl groins selected from hydrogen, linear or branched Ci-Cw alkjd, linear or 
branched, C2-C10 alkenyl, linear or branched C2-C10 alkyny>. C4-C12 cycloalkyl, C4-C12 cycloalkenyl, 
C6-C12 aryl, and C7-C24 arallqfl, R\ and Rj or R3 and R4 can be takai togedier to represent a Ci-Cio 
alkylidei^ ffoap. Representative allqrl groups include but are not limited to mdhyl, ^yl, propyl, 
isopropyl, butyl, isobutyl, sec-butyl, tert butyl, 

pemyl, neopentyl hexyl, heptyl, octyl, nonyl, and decyl. Representative alkenyl groups include but are 
not limited to vinyl, allyl, buten^ and cyclohexenyl. 

RepiesQitative alkynyl groups include but are not limited to etiiynyl, 1 propynyl, 2-propynyl, 1 butynyl, 
and 2-bulynyl. Representative cydoaDq'l groi?>s include but are not limited to cydopentyl, cyclolKxyl, 
and cyclooctyl substituoits. 

Represaitative aryl groups include but are not limited to phenyl, naphthyl, and an&racenyL 
Represenlative aralkyl groiq)s indude but are not limited to baizyl, and phaiediyL Representative 
alkylidenyl groups include metiiylidenyl, and eflijdidoiyl, ffowps. 

[00671 In one embodiment, the peihalohydrocarbyl groi^ include peihalogenated phenyl and alkyl 
ffoaps. Ute halo^nated alkyl ffoaps useful in the invention are partially or My halogenated and are 
linear or branched, and have the fbnnula QX Vi whaein X" is independently a halogen or a hydrogpn 
and z is sdected ficMn an integer of 1 to 20. In another embodiment, each X" is independmtiy selected 
from hydrogen, chlorine, fluorine and/or bromine. In yet anoflier embodiment, each X" is independendy 
either a hydrogen or a fluorine. 

[0068] In another onbodimait, the perfluorinated substituents include perfluorophoiyl, 
perfluoromethyl, perfluoioetiiyl, peifluoropropyl, perfluorobuJyl, and perfluoiohexyL In addition to the 
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halogen subsdtuents, the cycloaIk>1, aryl, and aialkyl groups of the invention can be fiuthCT substituted 
wifli linear or branched C1-C5 alkyl and haloalkyl groiq)s, aiyl groups and cycloalkyl groups. 
[0069] When the pendant groiq)(s) is(are) a functional substituent, to R"* independently represent a 
radical selected from (CH2)n-CH(CF3)2-0-Si(Me)3, -(CH2)„-CH(CF3)2^H2-(K:H3, 
(CH2)n-CH(CF3)rO<:(OH)-C(CH3)3, -(CH2)n-C(CF3)2-OH, (CH2)nC(0)NH2, (CH2)nC(0X:i, 
(CH2)„C(0)0R^ (CH2)n^R', -(CH2)„-0C(0)R^ (CH2)„ C(0)R^ (CH2)„^C(0)0R^ (CH2)nSi(R')3, 
-(CH2)hSi(0R^, ^CH2)h-0-Si(R\ and (CH2)hC(0pR^ wherein n independendy represents an integer 
fiom 0 to 10 and R^ independently represents hydrogen, linear or branched C1-C20 alkyl, linear or 
branched C1-C20 halogenated or perbalogenated alkyl, linear or branched C2-C10 alkenyl, linear or 
branched C2-C10 alkynyl, C5-C12 cycloalkyl, Q-Cm aiyl, Q-Cw halogenated or perbalogenated aryl, and 
CrC24 aralkyl. Represoitative hydrocarbyl groups set forth under the definition of R^ are the same as 
ttiose identified above unda: tfie definition of R^ to R^. As set forth above under R^ to R^ the hydrocarbyl ' 
groups defined under R^ can be halogenated and perbalogenated For ^cample, when R^ is C1-C20 
halogenated or perbalogenated alkyl, R^ can be represented by the formula CzX'Vi, vvherein z and X" 
arc defined as above, and at least one X" on the alkyl group must be a halogen (e.g., Br, CI, or F). It is to 
be recognized that when the alkyl groiq? is perbalogenated, all X" substituents arc halo^nated Examples 
of perbalogenated alkyl groups include, but are not limited to, trifluoromethyl, trichlorom^yl, -C7F15, 
and -CnF23. Examples of perhalog^iated aryl groups include, but are not limited to, pentacMorophenyl 
and paitafluorophenyl. The R^ radical represrats an acid labile moiety selected fitm -C(CH3)3, -Si(CH3)3, 
CH(R^PCH2CH3, 

-CH(R^OC(CH3)3 or the following cyclic groups: 
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wherein R' represents hydrogen or a linear or branched (Ci - Cs) alkyl group. Hie alkyl groups include 
methyl, ethyl, propyl, i-ptopyl, butyl, i butyl, t butyl, pentyl, t-pentyl and neopentyl. In the above 
stmctures, the single bond line projecting fiom the cyclic groups indicates the position where the cyclic 
protecting group is bonded to the add substitueoL Examples of R6 radicals include 
l-methyH<yclohexyl, isobomyl, 2-methyl-2-isobomyl, 2 melhyl-2-adamantyl, tetrahydiofuranyl, 
tetrahydropyranoyl, 3 oxocyclohexanonyl, mevalonic lactonyl, 1 ethoxyethyl, and l-t-butoxy ethyl. 
[0070] The R* radical can also represait dicyclopropylmethyl (Dcpm), and 
dimethylcyclopropyhnethyl Pmcp) groups which arc represented by the Mowing structures: 

Y Y 

-CH ,and -CCCHjh 

[0071] The polymer matrix used in fonning films encompassing a photo-induced therawlly 
developable material (PITDM), in accordance with the present invention, is polymerized using 
monomers such as discussed above. Where it is desired that sudi matrix have a relatively high RI, 
monomers are selected that will result, after polymerization, in the polymer matrix having the desired 
relatively high RL As a general rule, such monomers are those molecules that contain aromatic, nitrogen, 
Br or CI moieties. Alternatively, where it is desired that the polymer matrix have a relatively low RI, 
monomers arc selected that will result in the polymer matrix having die desired relatively low RI. As a 
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gpneral rule, such low RI monomeis are those molecules that contain alkyl, F and/or ether moieties. In 
addition, noibomene-type monomeis used in forming any of the vamish solutions discussed haein, use 
monomers such as discussed above. It will be noted that wiirae such monomers are included in a vamish 
solution to polymerize in predetemmned regions after exposure of such portion to aclinic radiation and 
thus alter the RI of predetennined regions, such monoroas are appropriately seleded. 
rrrngsiinldn g Monomcrs 

[0072] la addition to the noibomrae-type monomers iq»resmted by Structure C,"crDSslinking 
monomer" can be also used as a monomer. As the oosdinking monomers, norbomene-type monomers 
can be used. For, example, crosdinked polymers can be prepared by copolymeriang the 
norbomene^ monomer(s) set fiwlh under Structure C above widi a multifunctionai norbomene-type 
crosslinking monomer. By multifimctional norbomene-type oosslinking monomer is meant fliat Has 
crosslinking monoma: contains at least two notbomen©-^ nnoieties (norbomraae-type double bonds), 
each fiinctionality bdr^ polymerizable in tiie presence of Has catalyst system of present invention. 
The crosslinkable monomers include fiised multicyclic ring systems and linked multicycUc ring systems. 
Exan^)les of fiised crossUnldng j^enls are illustrated in structures below. For brevity, norbomadiaie is 
included as a fiised multicyclic oosslinking agent and is conadeted to contain two polymerizable 
norbomoie-type double bonds. 




wherein Y represents a methylene (-CHr) group and m indq)endently represents an integer fiom 0 to 5, 
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and whm m is 0, Y represents a single bond. 

Repiesentative monomers under the forgoing fonnulae are srt forth below. 

am 003 eo3 

(KD OXMXi) 

[0073] A Unked muMcyclic crosslinking a^t is illustrated generically by the following structure: 




\Aerein "a" indq)endently represents a single or double bond, m independently is an integer fix>m 0 to 5, 

is a divalent radical selected fiom divalmt hydrocarbyl radicals, divalent ether radicals and divalent 
silyl radicals^ and nis.equal to 0 or 1. 

By divalent is meant Aat a fiee valence at each terminal end of the radical is attached to a 
norbomene-type moiety. In one embodiment, the divalent hydrocarbjd radicals are alkylene radicals and 
divalent aromatic radicals . The alkylene radicals are represented by the formula -(CdH2d> v^tere d 
r^jresoits the number of carbon atoms in the alkylrae chain and is an integer fiom 1 to 1 0 . Tlw alkylene 
radicals are, in one anbodiment, selected fiom linear or branched (Ci to Cio) alkylene such as methylene, 
ethylaie, jropylene, butylene, pentylene, hexylene, hqptylene, octylene, nonylwe, and decylene. When 
brandied alkylene radicals are contemplated, it is to be understood 
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backbone is replaced with a liiiear or branched (C i to C5) alkyl groi^. 

[0074] The divalent aromatic radicals are selected from divalent phenyl, and divalent mq^htbyrl radicals. 

The divalent ether radicals are represented by the ffoup 

-RiorO-Rio-j 

wiierein R^^ independently is the same as R^ Examples of specific linked multicyclic crosslinking agents 
are represoited as the following structures: 



which is dimethyl bis[bicyclo[22.1]hept-2-ene-5-methoxy] silane (also refaied to herein as dimethyl 
bis(norbomene metfaoxy) silane or Si^, 




[0075] In one embodiment, the crosslinking ag^t is selected from those shown below: 
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[0076] Some other types of norbomene-based crosslinking agents include, but are not limited to, those 
represented in formulae a-m below. 

\F Rand R'^alkyiofaryi /"^^^ 

' or or ' 



30 





P 



R, R*. = aOcyl or arytl 



SI 'm 



m. 



[0077] In another onbodiment, fluorineKX)nlaining norbomene-based cross linkers are used For 
example, in one embodiment one or more of the following fluoiinated noibomrae crosslinking agents 
can be utilized 




F - Crosslinking Agent L 
and 
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F - Crosslinking Agait EL 

[0078] The monomers used in the present inventionare not limited to die above. The monomers, as 
listed above, may be used alone or in combination. 

[0079] After forafiing the polymer matrix having the desired RI, a solution of such matrix polymer and 
other materials is formed. As mentioned above, the other materials include, but are not limited to, one or 
more distinct norbomene-type monomers vAssxq at least one of such monomers is a crosslinldng 
noibomene4ype monomer, such as described above, a cationic photoinitiator and, v/hsiQ desired, an 
antioxidant It will be understood the RI of such solution is altered, that is to say either higher or lower 
tiian, the RI of the polymer matrix. The specific noibomene-type monomers selected to form tiiis 
solution are a function of what relative RI is desired for regions of the, to be formed, film that will be 
exposed as well as the RI of the matrix polymer. Thus where an e3qx)sed region having a relatively hig^ 
RI is desired, CTibodimmts in accordance widi the present invention can combine a polymer matrix witii 
a relatively low RI with norbomene-Qi)e monomers that wfam polymerized will result in a relatively 
hi^ RI in such exposed r^on. However, it will be understood that alternate combinations of polymer 
matrix and norbomene-type monomers can be used to graerate exposed and unexposed regions having 
different refractive indices such tiiat one or more wav^uide cores or channels and laterally adjacent 
cladding regions are formed. 

[0080] It will be undCTStood that the terms high or relatively high RI and low or relatively low RI do 
not re&r to absolute values of RI. Rather such Vsxws are mmly indicative of the relationship of the RI of 
regions, polymers or materials to one anotiier. In otiier words, a material or polymer having a high RI is 
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only considered as being high when compared to anolher material, polymer or region having a lower RL 
Hius no reference to high or low values of RI, herein, should be interpreted as meaning anything otiier 
tiian a value relative to another RL 
Procatalvsts 

[0081] As maitioned above, some embodiments in accordance wiA tfie present invention use 
procataiyst moieties represented by fomiula I: 

((R)3E)2Pd(Q)2 I 
where R, E and Q are as previously defined Exemplary procatal)^ in accordance with formula I 
include, but arc not limited to Pd(P-i-Pr3)2(OAc)2, Pd(PCy3)2(OAc)2, Pd(PCy3)2(02CCMe3)2, 
Pd(PCpjHOAc)2,Pd(PCy3M02CCF3)2andPd(PCy3MQ2CC^^ WhercCpiscyclopentylandCyis 
cyclohexyl 

EXAMPLEA 

[0082] The following examples demonstrate the embodiments of the PITDM of ttie present inv^tion. 
[0(W3] The following procataiyst synthesis examples C1-C4 demonstrate the preparation of several 
exmiplary procatalysts usefiil in embodiments of the presmt invaidorL 

Example CI 

Preparation of Pd(OAc)2(P(i-Pr)3)2 
[0084] In aN2 filled flask equipped with an addition funnel, a CH2CI2 soludon (20 mL) of P(/-Pr)3 
(8.5 1 mL, 44.6 mmol) was added drop-wise to a -78 stining reddish brown suspension of Pd(0Ac)2 
(5.00 g, 22.3 mmol) in CH2CI2 (30 mL). The suspension gradually cleared to a yellow green solution 
vAdch was allowed to wann to room temperature, stirred for two hours and then filtered through a 0.45 
|mi filter. 
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Concentration of the filtrate to approximately 1 0 mL followed by addition of hexanes (20 mL) aflfoided 
yellow solids vMch were filtered oflf (in air), washed with hexanes (5x5 mL) and dried in vacuo. Yield 
10.937g(89%).NMRdata: *HNMR(5,CD2Cl2): 1.37(dd,36H,CHCH3), L77(s,6H,CCH3),2.12(m, 
6H, CH ). ^^P NMR(5, CDzCh): 32.9 (s). 

Example C2 

Preparation of Pd(OAc)2(P(Cy)3)2 
[0085] In a two-neck round bottom flask equipped widi an addition fimnel, a reddish brown 
suspension of Pd(0Ac)2 (5.00 g, 22.3 mmol) in CH2CI2 (50 mL) was set to stir at -78 The addition 
fimnel was charged wifli a CH2a2 solution (30 mL) of P(Cy)3 (13.12 g, 44.6 mmol) which was flien 
added drop-wise to the stiixing suspension over the course of 1 5 minutes resulting in a gradual change 
fix}m 

reddish brown to yellow. After 1 hour of stirring at -78 ^ fte suspension was allowed to wami to room 
temperature, stirred for an additional two hours and then diluted with hexanes (20 mL). The yellow solids 
were then filtered off in air, washed with pentane (5 X lOmL) and dried in vacuo. A second crop was 
isolated by cooling 

the filtrate to 0 X and filtmi^ washing and drying as previously described. Yield 15.42 g (88 %). NMR 
data: 1HNMR(5, CD2CI2): 1.18 - 1.32 (brm, 18H, Cy), 1.69 (hr m, 18H, Cy), 1.80 (brm, 18H, Cy) 
1.84 (s, 6H, CH3), 2.00 (br d, 12 H, Cy). ^^P NMR (5, CD2CI2): 21.2 (s). 

Example C3 

Preparation of miiis-Pd(02C-^Bu)2(P(Cy)3)2 
[0086] Pd(02C-/-Bu)2 (1.3088 g, 42404 mmol) was dispersed in CH2CI2 (10 mL) in a 100 mL 
Sdil^ flask, the contents of the flask was cooled to -78 and stirred. To the above solution was 
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slovdy added the CH2CI2 (15 mL) solution of P(Cy)3 (2.6749 g, 9.5382 mmol) via a syringe, stined for 
an hour at -78 and at room temperature for 2 hours. Hexane (20 mL) was added to &e above reaction 
mixture to give the title complex as a yellow solid (1.39 1 g). The solid was filtered, 
washed with hexane (10 mL) and dried uiuler reduced pressure. Solvent was rono ved fiom the filtrate to 
give an orangp solid v^ch was dissolved in CHCl3/hexane mixture (1/1 : v/v) and the resulting 
solution was evaporated inside a fiime hood to give more of the title complex (648 mg). Total yield = 
2.039g (2.345 mmol), 553%. Analysis Calc'd for C46H8404P2Pd: C 63.54, H 9.74%. 

Example C4 

Preparation of Pd(OAc)2(P(Cp)3)2 
[0087] InaN2filledflask,areddishbrownsuspensionofPd(OAc)2(2.00g, 8.91mmol)inCH2a2 
(-25 mL) was set to stir at -78°C. With a cannula, P(Cp)3 (425, 17.83 mmol) in CH2CI2 (--20 mL) was ; 
added drop wise to the sdrring suspension over the course of 1 0 minutes resulting in a gradual change 
&om orange brown to yellow. The suspension was allowed to warm to room temperature and stirred for 
an additional 1 hour. Concentration of the solvent (~ 5 mL) followed by addition of hexanes (~1 5 mL) 
afforded yellow solids which waie filtered off in air, washed with hexanes (5x10 mL) and dried in 
vacuo. A second crop was isolated by cooling the filtrate to OoC and filtering, washing, and drying as set 
forth in Example 3. YieU4.88 g(85%).>nVIRdata: 'HNMR(5,CP2Cl2): 1.52- 1.56 (brm, 12H,Cp}), 
1.67- 1,72 (brm, 12H,Cp3), 1.74 ($,6H,CH3), 1.85 -1.89 (brm, 12H,Cp3), 1-96- 1.99 (brd,6H,Cp3), 
2.03 - 2.09 (br m, 12H, Cpj). 3 IP NMR (5, CD2CI2): 22.4 (s). 

Examples Pl-PlO 

[0088] Examples PI - PIO d^on^rate &e synthesis of norbomene-type polymers usefiil as matrix 
polymers for photo-induced thermally developable materials used in accordance with embodiments of 
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the present inventioa 



KYamplft PI 

Syndesis of Hexji Norboniene (HxNBy Diphmylmeliiyl 
Norbomenemethoi^ Silane (diPhNB) Copolymer (PI) 
[0089] HxNB (8.94g, O.OSmol), diPhNB (16.1g, O.OSmol), 1-hexene (4.2 g, O.OSmol) and toluene 
(142.0g) were combined in a 250mL senim bottle and heated to 120X in an oD batii to forni a soMoa 
To this solution were added |Pd(PCy3H02CCH3)(NCCH3)]tetrakis(pentafluorophenyl)bo^ (Pdl446) 
(5.8E-3 g, 4.0E-6 mol) and N, N-dimettiyianilinium tetrakis(pentafluorophmyl)boiate (DANFABA) 
(3.2E-3 g, 4,0E-6 mol), each in the foim of a conoentrated dichloiomethane solulioa After addition, the 
resulting mixture was maintained at 120°C for 6 hours. The copolym^ was precipitated by adding 
metiianol drop wise into the vi^rously stiired reaction niixture. 1^ 

collected by filtration and dried in an oven at 80*^0 under vacuunt After diyii^, 12.0g was obtained 
(48%). The molecular wei^t of the copolymer was detemiined by GPC in THF solvent (polystyrene 
standard) to be Mw = 16,196 and Mn = 8»448. 

The composition of the copolymer was detemiined by IH-hMR to be 54/46 HxNB/diPhNB. Ihe dried 
copolymer was dissolved in sufl&cient mesit^ene to result in a 10 wt% copolymer solution. 

Example P2 

Synthesis of Hexyl Norbornene / Phenethyl Norbornene Copo^er (P2) 
[0090] HxNB (2.78g, 0.0156mol), Phenyl ethyl norbornene (PENB, CAS 29415-09-6) (722g, 
0.036mol), 1-hexene (2.18g, 0.026mol) and toluene (57.0g) were combined in a250mL serum bottle and 
heated to UO^'C in an oil batk To this solution wae added Pdl446 (3.0E-3g, 2.1E-6 mol) and 
DANFABA (6.7E-3g» 8.4E-6 mol) in concentrated solutions of dichloromedme. After addition, die 
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lesuhing mixture was maintained at 120°C for 1 hour. After cooling to room temperature, the copolym^ 
was precipitated by adding methanol drop wise into the reaction mixture. The solid copolymer was 
collected by filtration and dried at 80°C in a vacuum oven. The solid polymer was dissolved in an 
qjpropriate amount of mesitylene to give 10wt% solid copolymer solutioa Afi^ drying, 8.0g was 
obtained (80%). The molecular weight of the polymer was determined by GPC methods in THF 
(poly(s^ne) standard) Mw = 127,332; Mn = 39,206. The composition of the polymer was determined 
by 'H-NMR: HxNB/PENB = 22/78. 

Example P3 

Synthesis of HxNB/diPhNB Copolymer (P3) 
[0091] HxNB (8.94g, O.OSOmol), diPhNB (16.1g, O.OSOmol), 1-hexene (2.95g, 0.035mol) and toluene 
(142g) were weighed out in a 2S0mL serum botde and heated at 80^ in an oil bath. To this solution 
were added (5.8E-3g, 4.0E-6 mol) of Pdl446 and (3.2E-3g, 4.0E-6 mol) of DANFABA. The ratio of 
norbomene monomers/Pdl446/DANFABA was 2SK/1/L The mixture was maintained at 80^C for 7h 
after which the activi^ of the Pd catalyst was quenched by adding 20mL of acetonitrile. Thereafter, die 
polymer was precipitated by adding methanol drop-wise to the reaction mixture. The precipitated 
copolymer was collected by filtration and dried at 65X in a vacuum oveiL Then the copolymer was 
dissoWed in mesitylerie to give 10wt% solid copolymer solutioa After drying, 19.8g was obtained (79%). 
The polymer's molecular weight was determined by GPC methods in THF using poly(styrene) as a 
standard: Mw = 86,186; Mn = 21 ,602. The ratio of HxN2B/diPhNB in the polymer was detennined by 
^ H-NMR: ItcNB/diPhNB = 46/54. The reftacti ve indices of this polymer were measured by prism 
coupling method and determined to be 1 .5569 in TE mode and 1 .5556 in TM mode at a wavelength of 
633nm. 
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ff.TflinpleP4 

Synthesis of HxNB/diPhNB Copolymer (P4) 
100521 HxNB (8.94g, O.OSOmol), diPhNB (16.1g, O.OSOmol), 1-hcxcne (20.0g. 0239mol) and toluene 
(142g) were weighed out into a 250mL swum botde and heated at 80°C in an oil bath to foim a solution. 
To this solution were added Pdl446 (5.80E-3g, 4.0E-6 mol) and DANFABA (3.21E-3g, 4.01E-6 mol). 
The mixture was maintained at 80*0 for 6h after which the activity of the Pd catalyst was quenched by 
adding 20mL of acetonitrile. Thoeafter, the polymer was precipitated by adding methanol drop-wise to 
the reaction mixture. The precipitated copolymer was collected by filtration and dried at 65^ in a 
vacuum oven. Then die polymer was dissolved in mesi^ene to give 10wt% solid copolymer solution. 
The polymer's molecular weight was determined by GPC methods in THF using poly(styrene) as a 
standard: Mw = 20,586; Mn = 11,613. The ratio of HxNB/diPhNB in the polymer was detemiined by 
'H-NMR: HxNB/diPhNB = 60/40. 

F.TflmplePS 

Syndesis of Ho^orboniaie / Diphoiylmefliyl 
Norbomenemetho^^ SilaiM Copolymer (PS) 
[0093] HxNB, (8.94g, O.OSOmol), diPhNB, (16.06g, 0.050mol), 1-hexene (5.0 g, 0.060mol) and 
toluene (142g) were combined in a 500mL serum botfle and heated to 80^ in an oil bath to fonn a 
solution. To this solution were added Pdl446, (2.90E-3 g, 2.00E^ mol), and DANFABA, (32E-3 g, 
4.01E-6 mol) eadi in the fonn of a cracoHiated solution of dichloromcfliane. After the addition, the 
resuWi^ mixture was maintained at 80°C for 6 hours. The copolymer was precipitated by addii^ 
methanol drop wise into the vigorously stined reaction mixture. The precipitated copolymer was 
collected by filtration and dried in an oven at 60T undo: Aracuum.Aft»diying, 19.3g was obtained 
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(77%). The molecular weight of the copolymer, deteraiined by GPC in THF solvent (polystyrene 
standard) provided Mw = 58,749 and Mh = 1 8,1 77. The composition of the copolymer was detamined 
by *H-NMR to be 53/47 HxNB/diPhNB. The refiactive indices of this polymer were measured by prism 
coiq)ling method and detemimed to be 1.5572 in TE mode and 
1 ,5558 in TM mode at a wavelength of 633nm. 

Example P6 

Synthesis of Butylnorbornene / Diphenybnethyl 
Norbomenemethoay Silane Copolymer (P6) 
(0094] Butyl Noibomene (BuNB, CAS 22094-81-1) (2.62g, 0.038mol), diPhNB, (22.38g, 0.057mol), 
1-hexene (8.83g, 0.01 Imol) and toluene (141 .4g) were combined in a 500mL serum bottle and heated to 
80T in an oil bath to forai a solution. To this solution were iqected Pdl446, (5.05E-3 g, 3.49E-6 mol) 
and DANFABA (1 .12E-2 g, 1 .40E-5 mol) each in flie fomi of a concentrated solution in 
dichloiomethane. After addition, the resulting mixture was maintained at 80°C for 2 hours. The 
copolymer was fxecipitated by adding methanol drop wise into the vigorously stined reaction mixture. 
The precipitated copolymer was collected by filtration and dried in an oven at 6(fC under vacuum. After 
drying, 7.5g was obtained (30%). The molecular weight of the copolymCT, determined by GPC in THF 
solvent (polystyrene standard) provided Mw = 32,665 and Nfa = 19,705. The composition of the 
copolymer was detranined by ^H-NMR to be 28/72 HxNB/diPhNB. The refiactive indices of this 
polymer were measured by prism coiq)ling method and determined to be 1 .5785 in TE mode and 1 .577 1 
in TM mode at a wavelength of 633nm. 
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Synthesis of HexylNorbomene / Diphenylmethyl 
NorbomeneinethojQ^ SOane copo^er (P7) 
[0095] HxNB, (8.987g, O.OSOmol), diPhNB, (I6.08g, aOSOmol), 1-hexene (2.976 g, 0.0354mol) and 
tohiene (141.5g) were combined in a 500mL serum bottle and heated to 80°C in an oil bafli to fomi a 
soludoa To this solution were added Pdl446, (5.80E-3 g, 4.01E-6 mol) and DANFABA (3.2E-3 g, 
4.0E-6 mol) eadi in die form of a concentrated solution in dichloromethane. After addition, die resulting 
mixture was maintained at 80X for 6 hours. The copolymer was precipitated by adding methanol drop 
wise into the vigorously stirred reaction mixture. The precipitated copolymer was collected by filtration 
and dried in an oven at 60°C under vacuunL After drying, 19.8g was obtained (79%). The molecular 
weight of the copolymer, determined by GPC in THF solvent (polystyrene standard) provided Mw = 
86,186 and Nfii= 21,602. The conq)Ositionof the copolymer was determined by ^H-NMRto be 46/54 
HxNB/diPhNB. The refiactive indices of this polymer were measured by prism coupling mefliod and 
determined to be 1.5569 in TE mode and 1.5556 in TM mode at a wavelength of 633nnL 

Example P8 

Synthesis of Hexyl Norbomene Homopofymer (P8) 
[0096] HxNB, (lO.Og, 0.056mol), 1-hexene (4.71g, 0.056mol) and toluene (56.7g) were combined in a 
250raL serum bottle and heated to 80°C in an oil bath to form a solution. To this solution were added 
Pdl446, (4.10E-4 g, 2.80E-7 mol) and DANFABA, (22QE^ g,2.80E-7 mol), each in the fonn of a 
concentrated solution in didiloromethane. After addition, the resulting mixture was maintained at 80^C 
for 40 minutes. The homopolymo- was precipitated by adding methanol drop wise into die vigorously 
stirred reaction mixture. The precipitated copolymer was collected by filtration and dried in an oven at 
6(rC under vacuum. After drying, 5.8g was obtained (58%). The molecular wd^ of the copolymer, 
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deteraiined by GPC in IHF solvent (polystyrene standard) provided Mw = 121^41 and Mn = 59^13. 
The refractive indices of this polymer were measured by prism coupling method and detennined to be 
1.5146 in TE mode and 1.5129 in TM mode at a wavelength of 633nm. 

F.TainpleP9 

Synthesis of Hes^lNorbomene / Dq>henylmethyl 
Norbomenemetfioxy Silane Copolymer (P9) 
[0097] HxNB, (9.63g, 0.054mol), diPhNB, CAS 376634-34-3) (40.37g, 

0.126mol), 1-hexene (4.54g, 0.054mol) and toluene (333g) were combined in a SOQmL senim bottle and 
heated to 80°C in an oil bath to fonn a solutioa To this solution were added Pdl446, (1 .04E-2 g, 720E-6 
mol) andN, N-dimethylanilinium tetrakis(pentafluorophenyl)boiate (DANFABA) (2.30E-2 g, 2*88E-5 
mol) each in the form of a concentrated solution of didiloiomethane. After addition, the resulting mixture 
was maintained at 80**C for 2 hours. The copolymer was precipitated by adding methanol drop wise into 
the vigorously stirred reaction mixture. The precipitated copolymer was collected by filtration and dried 
in an oven at GO^'C under vacuum. AStsx drying, 19.0g \m obtained (38%). Tlie molecular weight of the 
copolymer, detennined by GPC in THF solvent (polystyrene standard) provided Mw = 1 1 8,000 and Mn 
= 60,000. The composition of the copolymer was determined by ^H-NMR to be 32/68 HxNB/diPhNB. 
The refractive indices of tfiis polymer were measured by prism coupling method and detennined to be 
1 .5695 in TE mode and 1.5681 in TM mode at a wavelength of 633miL 

EiamplcFlO 

Synthesis of HexyiNorbomene / Diphrayhnethyl 
Norfoonmem^o^ Silane copo^er (PIG) 
[00981 HxNB (9.63g, 0.054mol), diPhNB (1.92g, 0.006 mol), 1-hexene (5.04g, 0.060mol) and toluene 
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(56.7g) wCTe combined in a 250mL senm bottle and heated to SOX in an oil bath to form a solulioa To 
this solution were injected Pdl446 (4.30E4 g, 3.00E-7 mol) and DANFABA (2,40E4 g, 3.00E-7 moO, 
each in the forai of a concentrated solution in dichloromethane. After addition, the resulting mixture was 
maintained at 80°C for 2 hours. The copolymer was precipitated by adding methanol drop wise into the 
vigorously stirred reaction mixture. The precipitated copolymer was collected by filtration and dried in 
an oven at SO^'C under vacuum. After drying, 7.7g was obtained (67%). The molecular weight of the 
copolymer was determined by GPC in THF soh^Mt (polys^ne standard) to be Mw = 82,000 and Nfa = 
40,000. The composition of the copolymer was determined by 'H-NMR to be 89/1 1 HxNB/diPhNB. 
The refiactive indices of this polymer were measured by prism coupling me Aod and determined to be 
1 .523 8 m TE mode and 1 .5225 in TM mode at a wavelength of 633nm. 

Fvam pl«V1-V13 

[0099] Examples V1-V13 demonstrate the fonnulation of vamish solutions enconpissing matrix 
polymers, norbomene-type monomers, a procatalyst, an acid generator, optional antioxidants and 
solvents in accordance with raibodiments of the present invention. It will be noted that as each of the 
vamish solutions exemplified below incorporates a photo sensitive material, such solutions were 
formulated under yellow light 

Fxam ple VI 

[0100] HxNB (4103g, 0.24 mol) and bis-Norbommemethoxy dimethylsilane (SiX, CAS 
376609-87-9) (7.97g, 0.026 mol) were weigjied out into a glass vial. To this solution of monomers were 
added two antioxidants, Ciba® IRGANOX® 1076 (0.5g) and Ciba® IRGAFOS® 168 (0.125g) (both 
available ftom Ciba Specialty Chemicals Corporation, Tairytown, NY) to fonn a monomer-antioxidant 
solutioa To jQ.Og of the above piepared PI copolymer solution, were added 3.0g of the 



42 



monomer-antioxidant solution, Pd(PCy3)2(OAc)2 (Pd785) (4.94E-4g, 6.29E-7mol inO.lmL of 
mediylene chloride), RHODORSBL® PHOTOINrnATOR2074 (CAS 178233-72-2, available fiom 
Rhodia Inc, Cranbuiy, N.J.) (2.55E-3g, 2.5 lE-6 mol in 0. 1 mL of meflxjdene chloride) to fonn the 
varnish solution. The varnish solution v/as filtoed through a 02-inicron pore filter prior to use. 

Example V2 

[01011 Six (5g, 0.0164mol) was wdgted out in a glass viaL To die SiX were added Iiganox 1076 
(0.05g) and Ir^os 168 (0.013g) to fonii an SiX solution. Varnish solution V2 was prepared by mixing 
Six solution (3g), Pd-785 stock solution (3.10E-4g, 3.94E-7mol in O.lmL of methylene chloride), 
Rhodoial 2074 stock solution (1.60E-3g, 1.58E-6molin0.1 mLofmethylenediloride)andP2 
copolymer solution (30g, solid 3g). The ratio of copolymer/monomors was 1/1 by weight and the ratio of 
monomers/Pd catalyst/Photo acid generator (PAG) was 25K/1/4 by moL The vamidi solution was 
filtered Ihrou^ a 0.2-micnni pore filto^. 

[01021 HxNB (42.03g, 0.24 mol) and SiX (7.97g, 0.026 mol) were weighed out into a glass vial. To 
tfiis solution of monomers were added two antioxidants, Ciba® IRGANOX 1076 (0.5g) and Ciba® 
IRGAFOS 168 (0.125g) to form a monomw-antioxidant sohition. To 30.0g of copolymer solution (lOg 
of P3 +20g of P4), were added 3.0g of the monomer-antioxidant solution, Pd785 (4.93E-4g, 628E-7mol 
in0.1mL of methylene chloride), RHODORSIL® PHOTOINITIATOR 2074 (2.55E-3g, 2.51E-6 mol in 
0. 1 mL of mefliylene diloride) to fomi the vamidi solution V3. This solution was filtered throi^ a 
0.2-micron pore filter prior to use. 
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Example V4 

10103] Vamish Solution V4 was prepared as above for V3, except that the 30.0g of copolymer solution 
was 15g of P3 and 15g of P4 to form the vamish solution V4. This solution was filtered wifli 0.2-micron 
pore filter prior to use. 

Example V5 

[0104] Vamish Solution V5 was prepared as above for V3, except that the 30.0g of copolymer solution 
was 20g of P3 and lOg of P4 to form the vamish solution V5. This solution was filtered through a 
0.2-micron pore filter prior to use. 

Example V6 

[0105] Vamish Sohidon V6 was prepared as above for V3, except that the 30.0g of copolymer solution 
was 30g of P3 to form the vamish solution V6. This solution was filtered toough a 02-micron pore filter 
prior to use. 

Example V7 

[01061 HxNB (40.33g, 0.23 mol) andNorbomenylethyltriemethoxysUane (TMSENB, CAS 68245-19-2) 
(9.67g, 0.039 mol) were weighed out into a glass vial. To this solution of monomers were added two 
antioxidants, Ciba® IRGANOX 1076 (0.5g) and Ciba® IRGAFOS 168 (0.125g) to fomi a 
monomer-antioxidant solutioa To 30.0g of the above copolymer solution (15g of P3 + 15g of P4) 
depicted in Table 1, were added 3.0g of the monomer-antioxidant solution, Pd785 (5.02E-4g, 
6.39E.7mol in 0. ImL of methylene chloride), RHODORSEL® PHOTOINriTATOR 2074 (159E-3g, 
2.55E-6 mol in 0. 1 mL of methylene chloride) to form die vamish solution V7. This sohition was filtered 
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through a 02-maon poie filter piior to use. 



ExampieVS 

[01071 HxNB (42.03g, 0.24 mol) and SiX, (7.97g, 0.026 mol) were weigM out into a glass >dal. To 
this soludon of monomers were added two antioxidanls, Ciba® IRGANOX 1076 (0.5g) and Ciba® 
IRGAFOS 168 (0. 125g) to form a monomer-antioxidant solutioa To 1 .83g of the above prepared 
copolymCT P5, woe added 3.06g of the noonomer-anlioxidant solirtion, Pd785 (3.85E-4g, 4.91E-7mol m 
O.lmL of methylene chloride), RHODORSIL® PHOTOINrnATOR2074 (1.99E-3g, 1.96E-6mol in 
0.1 mLofmelhylene chloride) and 130gofmeatylaie and to form the vamidi solutioa 

Example V9 

{0108] HxNB (4103g, 024 mol) and SiX, (7,97g, 0.026 mol) were weighed out into a glass viaL To 
this sohnion of monomers were added two antioxidants, Ciba® IRGANOX 1076 (0.5g) and Ciba® 
IRGAFOS 168 (0. 125g) to form a monomer-antioxidant solutioa To 0.91 5g of the above prepared 
copolymer P6, were added 1.53g of the monomer-antioxidant solution, Pd785 (2.52E4g, 321E-7mol in 
O.lmL of methylene chloride), RHODORSIL® PHOTOINrnATOR 2074 (1.30E-3g, 1.28E-6 mol in 
0.1 mL of mefliylene diloride) and 0.645g of mesitylene to form the varnish solutioa 

Example VIO 

[0109] HxNB (4103g, 0.24 mol) and SiX, (7.97g, 0.026 mol) wae we^ed out into a glass vial. To 
tins solution of monomers were added two antioxidanls. Ciba® IRGANOX 1076 (0.5g) and Ciba® 
IRGAFOS 168 (0. 125g) to form a monomCT-antioxidant solutioa To 2.0g of ttie above prepared 
copolymer P7, woe added 2.4g of tiie monomer-antioxidant solution, Pd785 (3.95E-4g, 5.03E-7mol in 
O.lmL of mefliylene chloride), RHODORSIL® PHOTOINmATOR 2074 (2.55E-3g, 2ilE-6 mol in 
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0.1 mL of methyloie diloride) and 25g of toluene and to fonn the vamish solution. The vamish solution 
was filtered ttiiou^ a 0.2-n)icion pore filter prior to use. 

FTamnleVn 

[0110] HxNB (42.03g, 0.24 mol) and SIX, (7.97g, 0.026 mol) were weighed out into a glass vial. To 
this solution of monomers were added two antioxidants, Ciba® IRGANOX 1076 (0.5g) and Ciba® 
IRGAFOS 168 (0.125g) to form a monomer-antioxidant solution. To 2.0g of the above prepared 
homopolyma- P8, were added 2.4g of the monomer-antioxidant solution, Pd785 (3.95E-4g, 5.03E-7mol 
in O.lmL of methylene chloride), RHODORSIL® PHOTOINITIATOR 2074 (255E-3g, 2.51E-6 mol in 
0.1 mL of methylene chloride) and 6.12g of toluene to form the vamish sohdioa The vamish soluticm 
was filtered through a 5-micron pore filter prior to use. 

Example V12 

[01111 HxNB (42.03g, 024 mol) and (SiX) (7.97g, 0.026 mol) were weighed out into a glass vial. To 
this solution of monomers woe added two antioxidaols, Ciba® IRGANOX® 1076 (O.Sg) and Ciba® 
IRGAFOS® 168(0.125g)tofomiamonomCT-antioxidantsoludon.To3.(^of Aeaboveprqjared 
copolymer P9, were added I .Og of the monomer-antioxidant solution, PdCPCy3)2(OAc)2 (Pd785) 
(1.65E4g, ll0E-7mol in 0.1mL of methylene chloride), RHODORSIL® PHOTOrNTTIATOR 2074 
(8.5 lE-4g, 838Er7 mol in 0. 1 mL of meti^rlene chloride) and 5.0g of toluene and to form the vamish 
sohitioa 

Example V13 

[01121 HxNB (42.03g, 024 mol) and (SiX) (7.97g, 0.026 mol) were weighed out into a glass viaL To 
this solution of monomers were added two antioxidanls, Ciba® IRGANOX® 1076 (CSg) and Ciba® 
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IRGAFOS® 168 (0. 1 25g) to foim a monomer-antioxidant soludoiL To 3.0g of the above prepared 
copolymer PIO, were added 2.0g of the monomer-antioxidant solution, Pd(PCy3)2(OAc)2 (Pd785) 
(3.29E4g, 4.19E-7mol in O.lmL of methylene chloride), TAG-372R photo acid generator (CAS 
193957-54-9, available fiom Toyo Ink Mfg. Co., Ltd Of Tokyo Japan) (7.63E-4g, 838E^ mol in 0.1 
mL of methylene chloride) and lO.Og of toluene to fomi the varnish solutioa 
[0113] Table 1 provides a summaiy of the composition of each varnish solution discussed above: 
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Table 1 





Polymer 


Norbomene monomers 


Pd-785 




matrix/ 
weight 


A^nn 1 

(mol%) 


N4on 2 

(mol%) 


Wt 




PAG 
WL/mol 


Ror 


VI 


Pl(3g) 


HxNB 
(90) 


Six no 




4.94E-4g 
(6.29E-7moi) 


2.55E-3g 
(2.51E-6mol) 


R 


V2 


P2(3g) 


N/A 






3.10E-4g 
(3.94E-7mol) 


1 60E-3B 
(1.58E-6mol) 


R 


V3 


P3(lg)P4 
(2g) 


(90) 






4.93E-4g 
(628E-7mol) 


2.55E-3g 
(2.51E-6mol) 


R 


V4 


P3(1.5g) 
P4(1.5g) 


(90) 






4.93E-4g 

(6.28E-7mol) 


2.55E-3g 
(2.51E-6mol) 


R 


V5 


P3(2g)P4 
(1.5g) 


(90) 


OLA. ^-Iv^ 




4.93E-4g 
(6.28E-7mol> 


2 55E-3fi 
(2.51E^mol) 


R 


V6 


P3(3g) 


(90) 






4.93E4g 
(6.28E-7mol) 


2 55E-3e 
(2.51E-6mol) 


R 


V7 


P3(1.5g) 
P4(1.5g) 


nxiND 
(90) 


(10) 




5.02E-4g 
(6.39E.7mol) 


2 59E-3e 
(2.55E-6mol) 


R 


V8 


P5(1.8g) 


(90) 






3.85E-4g 
(4.91E-7mol) 


I 99E-3e 
(1.96E-6mol) 


R 


V9 


P6(.92g) 


HxNB 
(90) 


Six (10) 


1.5g 


2.52E4g 
(3.21E-7mol) 


1.30E-3g 
(1.28E-6mol) 


R 


VIO 


P7(2g) 


HxNB 
(90) 


Six (10) 


2.4g 


3.95E-4g 
(5.03E-7mol) 


2.55E-3g 

(2.51E-6mol) 


R 


VI 1 


P8(2g) 


HxNB 
(90) 


Six (10) 


2.4g 


3.95E4g 
(5.03E-7niol) 


2.55E-3g 
(2.51E-6mol) 


R 


V12 


P9(3g) 


HxNB 
(90) 


Six (10) 


Ig 


1.65E-4g 
(2.i0E-7mol) 


8.51E-4g 
(8.38E-7mol) 


R 


V13 


P10(3g) 


HxNB 
(90) 


Six (10) 


2g 


3.29E4g 
(4.19E-7mol) 


7.63E-4g 
(8.38E-6mol) 


T 



t R indicates Rbodorsil 2074 was used and T indicates TAG-372R 
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F.Yam plcsWGl-WGS 

[0114] Examples WG1-WG5 demonstrate the febricadon of single-layer and thiee-layar wav^de 
structures in accordance with embodiments of the present inventiorL It ^vill be noted that as each of tiie 
varnish solutions used in the exemplified methods, below, of forming waveguide structures incorporates 
a photo sensitive material such structures were &rmed under yellow li^t 

F.Yflm plftWr;! 

Formation of a single-layer wav^idde structure 

[0115] The appropriate filtered varnish solution was poured onto a 4" glass wafer and spread to an 
essentially uniform thickness using a doctor blade. Then the coated glass wafer was placed on a vented 
leveling table ovemi^t to allow the solvents to evaporate and form an essentially dry, solid fihn. The 
film was ©cposed to UV light (3 65 nm) through a photomask (dose = 3 OOOmJ) and then heated in an 
oven for 30 minutes at 85X followed by heating for an additional 60 minutes at 150°C. A waveguide 
pattern was visible after the first heating step. 

Example WG2 

Formation of a three-layer waveguide structure 
[0116] Vamish soludon V8 was poured onto 250-micron thick PET film and spread to an essmtially 
unifonn thickness using a doctor blade (wet Aickness = 70-micron). Then Vamidi solution V9 was 
poured onto the first layer and spread to an essentially uniform thickness using a doctor blade (wet 
thidmess = SO^nicron). Finally the Vamidi solution V8 was poured onto the second layw and spread to 
an essentially unifonn thickness using a doctor blade (wet thidmess = 80 miaon). Then the coated PET 
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film ^vas placed on a hot plate and was heated at SO^C for 30minutes to allow the toluene to evaporate 
and fonn a solid accumulated fihn. The film was exposed to UV light (3 6Snm) through a positive tone 
photomask (ejqwsure dose = 3000mJ/cm^) and then placed on a hot plate for 30 minutes at 45®C 
followed by a cure for 30 minutes at 8SX and for 60 minutes at ISO^C, respectively. A waveguide 
pattern was visible after the fihn was placed on a hot plate at 45''C for 1 0 minutes. Propagation loss for 
this waveguide was measured using a "cut back method'* and was detemuned to be 6.0dB/cm. 

- Example WG3 

Formation of a three-layer wav^qide structure 
[0117] The filtered Varnish solution VIO was poured onto 2S0-micron ttiick PET fihn and spread to an 
essentially unifonn thickness using a doctor blade (wet thickness = 70-micron). Then filtered Varnish 
solution V 1 1 was poured onto die first layer and spread to an essentially unifomi thickness usii^ a doctor 
blade (wet tiiickness = 80-micron). Finally the filtered Varnish solution V 1 0 was poured onto die second 
layer and spread to an essentially unifomi diickness using a doctor blade (wet thickness = 80-micron). 
Then die coated PET fihn was placed on a hot plate and was healed at S OT for 45 minutes to allow the 
toluene to evspotate and fonn a solid accumulated film. The film was exposed to UV Ught (365nm) 
through a positive tone photomask (exposure dose = 3000mJ/cm^) and ibsa put in an oven for 30 
minutes at SOT followed by a cure for 30 minutes at 8ST and for 60 minutos at 1 SOT, respectively. A 
waveguide pattem visible after die film was placed in an oven at SOX for 10 minutes. Propagation 
loss for this waveguide was measured using a "cut back method" and was detennined to be 3.0dB/cm. 

RYani pleWfi4 

Formation of a three-layer waveguide structure 
[0118] The Varnish solution V13 was poured onto 2S0-miaon diick PET film and spread to an 
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essentially uniform thickness using a doctor blade (wet thickness = 70-micron). Then filtered Varnish 
solution V12 was poured onto the first layer and spread to anessentiaUy unifonn tdcknessuang adoctor 
blade (wet thickness = 80-micron). Finally the Varnish solution V13 was poured onto the second layer 
and ^iread to an essentially unifonn tiiickness using a doctor blade (wet thickness = SO-micron). Then 
the coated PET film was placed on a hot plate and was heated at 5(fC for 45minutes to allow the toluene 
to eva^rate and form a solid accumulated film. The film was e3q)osed to UV light (3 65 nm) through a 
positive tone photomask (©cposure dose = 3000mJ/cm^) and then put in an oven for 30minutes at SO^'C 
followed by a cure for 30 minutes at SS^'C and for 60 minutes at 1 Sff'C, respectively. A waveguide 
pattern was visible after the fihn was placed in an oven at 5(fC for 1 0 
minutes. 

Example WG5 

Formatioii of a fliree-layer wav^uide structure 
[0119] Avatrel® 2000P solution (available fipom Piomerus LLC, Brecksville, OH) was poured onto a 
4" glass wafer and spread to an essentiaQy unifonn thickness using a spin coa^ 
l-micron). Then it was placed on a hot plate and healed at lOO^C for 10 minutes and exposed to UV light 
without a photomask (exposure dose 400nJ/cm2) followed by curing at 110**C for ISminutesand 160''C 
for Ihour, respectively. 

(01201 Then the vamish solution V14 was poured onto the surfece of the cured Avatrel 2000P layer 
and spread to an essentially unifomi thickness using a doctor blade (wet thickness = TO-micron). Tlien 
the coated glass wafo: was placed on a vented leveling table overnight to allow the solvents to evaporate 
and fonn an essentially dry solid film. The following day the solid film fomied of solution V14 was 
exposed to UV light (365nm) through a photomask (©qx)sure dose 300QmJ/cm^) followed by ag^ng at 
room temperature for 30 minutes, curing fiist at 85**C for 30minutes and then at 1 SOX for 60 minutes. A 
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waveguide pattern was visible after the film was cured at 8S^C for 30ininutes. 
[0121] Then a second portion of Avatrel 2000P solution was poured onto the surfece of the cured layer 
of vamish solution V14 and spread to an essentially uniform thickness using a spin coater (wet thickness 
= 1 micron). The coated glass waf» was placed on a hot plate and heated at 1 00°C for 1 0 minutes and 
e)qx)sed to UV light without a photomask (exposure dose 400mJ/cm2) followed by curing at 1 lO^^C for 
ISminutes and 1 60°C for Ihour, respectively. A waveguide pattern was still visible but the film looked 
brownish through the top cladding layer. 
Propagation Loss Measurements 

[0122] Propagstion loss for each of the waveguides formed by five vamish solutions^ V3-V7 was 
measured using a ''cut back mediod.'' Each waveguide was a smgle-layer waveguide &biicated using the 
method of Example WGl . Light (830nm) generated fix>m a LASER diode was input into a first end of 
the core of waveguide formed fit)m each vamish solution through an optical fiber, where the waveguide 
had a first length. The power of the li ght output at an opposing, second end was measured The 
waveguide was the "cut back" to at least two shorter lengths and the Ught output measured at the second 
output end for each lengdi. 

[0123] Total optical loss for each of the measurements is: 
Total Optical Loss (dB) = .101og(Pn/Po) 

vydiere Pn is the measured ou^ut at the second mi of the waveguide for each of the lengdis P i , P2> . • • Pn> 
and Po is the measured output of the of the light source at tfie aid of the optical fiber before such fiber is 
coiq)led to ^ first end of the waveguide one. The total c^tical loss is then plotted as exempUfied in 
Chart 1 below. The resulting best stiai^t line of this data is represented by the equadori: 
y = mx+b 

where m is the propagation loss and b is the coupling loss. 
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Chart 1 



C ut back m elhod 




0 1 2 3 4 5 6 

W aveguide fength (bm ) 



[0124] Results of Propagation Loss using the "cut back" mefliod for each of vamish solutions V3-V7 
is presented in Table 2, below. 



Table 2 



Vamish solution # 


V3 


V4 


V5 


V6 


V7 


Propagation loss [dB/cm] 


0.183 


0.157 


0.112 


0.087 


0.474 



EXAMPLES 

[0125] The foltowii^ examples dononstrate waveguide stnictures of the pjesent invention, eqiecially in 
view of using the photo-bleaching. 
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Examples P11-P14 

101261 Examples PI 1 - P14 demonstrate the synthesis of norbomene-type polymeis useful as matrix 
polymers for mateials subjected to the photo-bleaching in accordance with embodiments of the present 
invention. 

Example Pll 

Sypthesis of Diphenylmethyl Norbornenemethoxy Silane homopolymer (Pll) 

[0127] diPhNB (30g, 0.094mol), 1-hexene (1.57 g, 0.019mol) and toluene (170.0g) 
were combined in a 250mL serum bottle and heated to 80**C in an oil bath to form a 
solution. To this solution were added 

[Pd(PCy3)2(02CCH3)(NCCH3)]tetrakis(pentafluorophenyl)borate (Pdl446) (1.4E-2 g, 
9.4E-6 mol) and N, N-dimethylanilinium tetrakis(pentafluorophenyl)borate 
(DANFABA) (3.0E-2 g, 3.7E-5 mol), each in the form of a concentrated 
dichloromethane solution. After addition, the resulting mixture was maintained at 
80®C for 4 hours. The homopolymer was precipitated by adding the solution drop 
wise into the vigorously stirred methanol. The precipitated homopolymer was 
collected by filtration and dried in an oven at 60**C under vacuum. After drying, 
15.0g was obtained (Yield 50%). The molecular weight of the copolymer was 
determined by GPC in THF solvent (polystyrene standard) to be Mw = 91,000 and Mn 
= 44,000. 
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Example P12 

Synthesis of Hexyl Norbornene/ Diphenylmethyl Norbornenemethoxy Silaae 

Copolymer (P12) 

[01281 HxNB (10.72g, 0.06mol), diPhNB (19.28g, 0.06mol), 1-hexene (3.5 g, 
0.04mol) and toluene (170.0g) were combined in a 250mL serum bottle and heated to 
80*^0 in an oil bath to form a solution. To this solution were added 
[Pd(PCy3)2(02CCH3)(NCCH3)]tetrakis(pentafluorophenyl)borate (Pdl446) (7.0E-3 g, 
4.8E-6 mol) and N, N-dimethylanilinium tetrakis(pentafluorophenyl)borate 
(DANFABA) (3.9E-3 g, 4.8E-6 mol), each in the form of a concentrated 
dichloromethane solution. After addition, the resulting mixture was maintained at 
80^C for 3.5 hours. The copolymer was precipitated by adding the solution drop wise 
into the vigorously stirred methanol. The precipitated copolyriier was collected by 
filtration and dried in an oven at 60^C under vacuum. After drying, 18.6g was obtained 
(Yield 62%). The molecular weight of the copolymer was determined by GPC in 
THF solvent (polystyrene standard) to be Mw = 102,000 and Mn = 38,000. The 
composition of the copolymer was determined by 'H-NMR to be 54/46 
HxNB/diPhNB. 

Example P13 

Synthesis of Butylnorbornene / Diphenylmethyl Norbornenemethoxy Silane 

Copolymer (P13) 

[0129] Butyl Norbornene (BuNB, CAS 22094-81-1) (2.62g, 0.038mol), diPhNB, 
(22.38g, 0.057mol), 1-hexene (8.83g, 0.01 Imol) and toluene (141.4g) were combined 
in a 500mL serum bottle and heated to 80**C in an oil bath to form a solution. To this 
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solution were injected Pdl446, (5.05E-3 g, 3.49E-6 mol) and DANFABA (L12E-2 g, 
1.40E-5 mol) each in the form of a concentrated solution in dichloromethane. After 
addition, the resuhing mixture was maintained at 80°C for 2 hours. The copolymer was 
precipitated by adding methanol drop wise into the vigorously stirred reaction mixture. 
The precipitated copolymer was collected by filtration and dried in an oven at 60*'C 
under vacuum. After drying, 7.5g was obtained (30%). The molecular weight of the 
copolymer, determined by GPC in THF solvent (polystyrene standard) provided Mw = 
32,665 and Mn = 19,705. The composition of the copolymer was determined by 
IH-NMR to be 28/72 HxNB/diPhNB. The refractive indices of this polymer were 
measured by prism coupling method and determined to be 1.5785 in TE mode and 
1.5771 in TM mode at a wavelength of 633nm. 

Example P14 

Synthesis of HexylNorbornene / Diphenylm ethyl 
NorborneDemethoxy Silane copolymer (P14) 

[01301 HxNB (9.63g, 0.054mol), diPhNB (1.92g, 0.006 mol), 1-hexene (5.04g, 
0.060mol) and toluene (56. 7g) were combined in a 250mL serum bottle and heated to 
80*C in an oil bath to form a solution. To this solution were injected Pdl446 
(4.30E-4 g, 3.00E.7 niol) and DANFABA (2.40E-4 g, 3.00E-7 mol), each in the form 
of a concentrated solution in dichloromethane. After addition, the resulting mixture 
was maintained at 80°C for 2 hours. The copolymer was precipitated by adding 
methanol drop wise into the vigorously stirred reaction mixture. The precipitated 
copolymer was collected by filtration and dried in an oven at 60®C under vacuvun. 
After drying, 7.7g was obtained (67%). The molecular weight of the copolymer was 
determined by GPC in THF solvent (polystyrene standard) to be Mw = 82,000 and Mn 
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= 40,000. The composition of the copolymer was determined by 'H-NMR to be 89/1 1 
HxNB/diPhNB. The refractive indices of this polymer were measured by prism 
coupling method and determined to be 1.5238 in TE mode and 1.5225 in TM mode at a 
wavelength of 633nm. 

Tr.Yflmiili!sV21-V31 

10131] Examples V21-V31 dranonsdate Ac fonnuladon of varnish solutions encompasang matrix 
polymras, an acid generator, optional antioxidants and solvents in accordance with embodiments of tiie 
present invention. It will be noted that as each of Ihe vamidi solutions exonplified below incorporates a 
photo senative material, such scduttms woe formulated under yellow li^t 

Example V21 

[0132] To 5g of P12 copolymer were added 20g of Mesitylene, 0.05g of Irganox 1076, 0.0125g of 
Irgafos 168 and RHODORSIL® PHOTOrNTTIATOR 2074 (CAS 178233-72-2, avaHable fiom Rhodia 
Inc, Cranbury, NJ.) (4.0E-3g in 0.1 mL of methylene chloride) to form the varnish solution. The 
vamish sohidon was filtered throi^ a 02-micron pore filter iffior to use. 

Example V22 

[0133] To 5g of P13 copolymer were added 20g of Mesitylene. 0.05g of hganox 1076, 0.0125g of 
Irgafos 168 and RHODORSIL® PHOTOINmATOR 2074 (CAS 178233-72-2, available fiom Rhodia 
Inc, Cranbury, NJ.) (4.0E-3g in 0.1 mL of methylene chloride) to fi)nn the varnish solution. The 
vamish sohdcm was filtered tfarou^ a 0.2-miCTon pore filler prior to use. 
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Example V23 

[0134] To 5g of P14 copolymer were added 20g of Mesitylene, 0.05g of Irganox 1076, and 0.0125g of 
I^os 168 to ftwm the varnish solution. The varnish solution was filtered toough a 02-micron pore 
filta prior to use. 

Example V24 

[01351 To 0.9g of Pll homopolymer were added 3.6g of Mesitylene, 9.0E-3g of Irganox 1076, 2.3E-3g 
of Irgafos 168 and RHODORSIL® PHOTOlNmATOR 2074 (CAS 178233-72-2, available from 
Rhodia Inc, Cranbuiy, NJ.) (1.0E-3g in 0.1 mL of methylene chloride) to fijim the varnish sohition. 
The varnish solution was filtered through a 0.2-micron pore filter prior to use. 

Example V25 

[0136] To 0.9g of PI 1 homopolymer were added 3.6g of Mesitylene, 9.0E-3g of I^ox 1076, 23E-3g 
of Irgafos 168 and RHODORSE.® PHOTOINITIATOR 2074 (CAS 178233-72-2, available fmm 
Rhodia Inc, Cranbury, NJ.) (7.5E-3g in 0.1 mL of methylene chlwide) to fonn the varnish sohitioa 
Tte varnish solution was filtered through a 0.2-micron pore fiha: prior to use. 

Example V26 

10137] To 0.9g of PI 1 homopolyma: were added 3.6g ofMesitylene, 9.0E-3g of Irganox 1076, 2.3E-3g 
of Irgafos 168 and TAG-372R photo add generator (dimetfiyl (2-(2Hiaphthly>2-oxoethyl) sulfonium 
tetrakis (pentafluorophenyl) borate, CAS No. 193957-54-9) available from Toyo Ink Mfg. Co., Ltd. of 
Tokyo, J^ian.) (7.5E-4g in 0.1 mL of m^ylene chloride) to form the varnish solutioa The varnish 
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solution was filtered through a 02-inicion poie filter prior to use. 

Example V27 

[0138] To 0.9g of PI 1 homopolymer were added 3.6g of Mesityloie, 9.0E-3g of Iiganox 1076, 2.3E-3g 
of ligafos 168 and RHODORSIL® PHOTOINrnATOR 2074 (CAS 178233-72-2, available fimm 
Rhodia Inc, Cianbuiy, N.J.) (l.lE-3g in 0.1 mL of methylene chloride) to form the varnish solutioa 
The varnish solution was filtered through a 02-niicron pore filter prior to use. 

Example V28 

(01391 To 0.9g of PI 1 homopolymer were added 3.6g of Mesitylene, 9.0E-3g of Irganox 1076, 2JE-3g 
of bgafos 168 and TAG-372R photo acid generator (dimediyl (2-{2siaphlhly)-2-oxoediyl) sulfonium 
tetrakis (pentafluorophenyl) borate, CAS No. 193957-54-9) avaUable fnsm Toyo Ink Mfg. Co., Ltd. of 
Tokyo, Js^xul) (7JE-4g in 0.1 mL of metibylene chloride) to fonn the vamish solutioa The vamidi 
solution was filt»ed thiou^ a 0.2-micn>n pore filter prior to use. 

Example V29 

[01401 To 0.9g of Pll homopolymer were added 3.6g of Mesitylene, 9.0E-3g of Irganox 1076, 23E-3g 
of Irgafos 168 and TAG-372R photo acid graierator (dimethyl (2-(2-naphthly>2-oxoeJhyl) sulfijnium 
trtrakis (pentafluorophenyl) borate, CAS No. 193957-54-9) available fiwm Toyo hik Mfg. Co., Ltd. of 
Tol^, Jspsa^L) (l.lE-4g in 0.1 mL of methylene chloride) to form the vamish solutioa The vami^ 
solution was filtered through a 0.2-micron pore filter prior to use. 
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Example V30 



(0141) To 0.9g of Pll homopolymer were added 3.6g of Meatylene, 9.0E-3g of Ir^x 1076, 23E-3g 
of hgafos 168 and RHODORSIL® PHOTODSimATOR 2074 (CAS 178233-72-2, available fiom 
Rhodia Inc, Cranbury, NJ.) (7.5E-3g in 0.1 mL of methylene chloride) to foim the vamish solution. 
The vamish solution was filtered throu^ a 0.2^cron pore filter prior to use. 

Example V31 

[0142] To 0.9g of PI 1 homopolymer wioe added 3.6g of Meatylene, 9.0E-3g of frganox 1076, 23E-3g 
of Irgafos 168 and TAG-372R photo acid generator (dimethyl (2-(2-naphthly>2-oxoelhyl) sulfonium 
tetiakis (pentafluorophenyl) borate, CAS No. 193957-54-9) available fix)m Toyo hik Mfg. Co., Ltd. of 
Tokyo, Japan.) (l.lE-4g in 0.1 raL of me%laie chloride) to fonn the vamish solutioa The vamidi 
solution was filtered through a 0.2-inicron 
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[0143] Table 2 provides a summary of the composition of each varnish solution discussed above. 



Table 2 





Polymer matrix/ 
weight 


PAG 






RorT 


(vrt) 


(%) 

(wj.t polymer) 


V21 


P12(5g) 


R 


4.0E-3g 


0.08 


V22 


P13(5g) 


R 


4.0E-3g 


0.08 


V23 


P14(5g) 






0 


V24 


Pll(0.9g) 


R 


l.lE-3g 


0.13 


V25 


Pll(0.9g) 


R 


7.5E-4g 


0.08 


V26 


Pll(0.9g) 


. T 


7.5E4g 


0.08 


V27 


Pll(0.9g) 


R 


l.lE-3g 


0.13 


V28 


PU(0.9g) 


T 


7.5E4g 


0.08 


V29 


Pll(0.9g) 


T 


l.lEOg 


0.13 


V30 


Pll(0.9g) 


R 


7.5E-4g 


0.08 


V31 


PU (0.9g) 


T 


l.lE-3g 


0.13 



1 ) R indicates Rhodorsil 2074 was used and T indicates TAG-372R was used. 



Examples WG11-WG20 

[0144] Examples WG11-WG20 demonstrate the fabrication of single-layer and three-layer waveguide 
stnictures in accordance with embodiments of the present inventioa It wiU be noted that as each of the 
varnish solutions used in the exemplified methods, below, of forming waveguide structures incorporates 
a photo senative material, such structures wmc fonned undw yellow light 
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Example WGll 
Formation of a single-layer wav^uide structure 

10145] The filtered varnish solution V24 was poured onto a 4" Si02 coated wafer and 
spread to an essentially uniform thickness using a doctor blade. Then the coated 
wafer was placed on a vented leveling table overnight to allow the solvents to 
evaporate and form an essentially dry, solid film. The film was exposed to UV light 
(365 nm) through a photomask (UV dose ;6J/cm^) and then heated in an oven for 30 
minutes at iS^C followed by heating for an additional 60 minutes at 150°C. A 
waveguide pattern was visible after the first heating step. 

Example WG12 
Formation of a sin^e-layer waveguide structure 

[0146] The fihered varnish solution V25 was poured onto a 4" Si02 coated wafer and 
spread to an essentially uniform thickness using a doctor blade. Then the coated 
wafer was placed on a vented leveling table overnight to allow the solvents to 
evaporate and form an essentially dry, solid fiUn. The film was exposed to UV light 
(365 nm) through a photomask (UV dose ;3J/cm^) and then heated in an oven for 30 
minutes at 85^C followed by heating for an additional 60 minutes at 150**C. A 
waveguide pattern was visible after the first heating step. 
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Example WG13 
Formation of a sin^e-layer waveguide structure 

[0147] The filtered varnish solution V26 was poured onto a 4" Si02 coated wafer and 
spread to an essentially uniform thickness using a doctor blade. Then the coated 
wafer was placed on a vented leveling table overnight to allow the solvents to 
evaporate and form an essentially dry, solid film. The film was exposed to UV light 
(365 nm) through a photomask (UV dose ;6J/cm^) and then heated in an oven for 30 
minutes at 85*^0 followed by heating for an additional 60 minutes at 150°C. A 
waveguide pattern was visible after the first heating step. 

Example WGi4 
Formation of a sin^e-layer waveguide stnictare 

[0148] The filtered varnish solution y27 was poured onto a 4" SiOi coated wafer and 
spread to an essentially uniform thickness using a doctor blade. Then the coated 
wafer was placed on a vented leveling table overnight to allow the solvents to 
evaporate and form an essentially dry, solid film. The film was exposed to UV light 
(365 nm) through a photomask (UV dose ;3J/cm^) and then heated in an oven for 30 
minutes at SS'^C followed by heating for an additional 60 minutes at ISO'^C. A 
waveguide pattern was visible after the first heating step. 
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EitampleWGlS 
Formation of a sin^e-layer waveguide structure 

[0149] The filtered varnish solution V28 was poured onto a 4" SiOa coated wafer and 
spread to an essentially uniform thickness using a doctor blade. Then the coated 
wafer was placed on a vented leveling table overnight to allow the solvents to 
evaporate and form an essentially dry, solid film. The film was exposed to UV light 
(365 nm) through a photomask (UV dose ;3 J/cm^) and then heated in an oven for 30 
minutes at 85°C followed by heating for an additional 60 minutes at ISO^^C. A 
waveguide pattern was visible after the first heating step. 

Formation of a single-layer waveguide structure 

[0150] The filtered varnish solution V29 was poured onto a 4" SiOi coated wafer and 
spread to an essentially uniform thickness using a doctor blade. Then the coated 
wafer was placed on a vented leveling table overnight to allow the solvents to 
evaporate and form an essentially dry, solid fihn. The fihn was exposed to UV light 
(365 nm) through a photomask (UV dose ;3J/cm^) and then heated in an oven for 30 
minutes at 85°C followed by heating for an additiutial 60 minutes at 150°C. A 
waveguide pattern was visible after the first heating^step. 
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Formation of a single-layer waveguide structure 



[0151] The filtered varnish solution V30 was poured onto a 4" SiOa coated wafer and 
spread to an essentially uniform thickness using a doctor blade. Then the coated 
wafer was placed on a vented leveling table overnight to allow the solvents to 
evaporate and form an essentially dry, solid film. The film was exposed to UV light 
(365 nm) through a photomask (UV dose ;6J/cm^) and then heated in an oven for 30 
minutes at SS^'C followed by heating for an additional 60 minutes at ISO^'C. A 
waveguide pattern was visible after the first heating step. 

TCYam plcWGlg 
Formation of a single-layer waveguide structure 

[0152] The filtered varnish solution V31 was poured onto a 4" Si02 coated wafer and 
spread to an essentially uniform thickness using a doctor blade. Then the coated 
wafer was placed on a vented leveling table overnight to allow the solvents to 
evaporate and form an essentially dry, solid film. The film was exposed to UV light 
(365 nm) through a photomask (UV dose ;6J/cm^) and then heated in an oven for 30 
minutes at SS^'C followed by heating for an additional 60 minutes at 150°C. A 
waveguide pattern was visible after the first heating step. 
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Example WG19 

Formation of a three-layer waveguide 

[01531 Vamish solution V23 was poured onto 1mm thick glass plate and spread to an 
essentially uniform thickness using a doctor blade (wet thickness = 70-micron). Then 
Vamish solution V2 1 was poured onto the first layer and spread to an essentially 
uniform thickness using a doctor blade (wet thickness = 80-micron). Finally the 
Varnish solution V23 was poured onto the second layer and spread to an essentially 
uniform thickness using a doctor blade (wet thickness = 80 micron). Then the coated 
glass plate was placed on a hot plate and was heated at SO^'C for 30minutes to allow 
the mesitylene to evaporate and form a solid accumulated film. The film was exposed 
to UV light (365nm) through a positive tone photomask (exposure dose = 
3000mJ/cm^) and heated for 30 minutes at 85*^0 and for 60 minutes at 150°C, 
respectively. A waveguide pattern was visible after the glass plate was heated at SS'^C 
for 30 minutes. Propagation loss for this waveguide was measured using a "cut back 
method" and was determined to be 3.0dB/cm. 

Example WG20 

Formation of a three-layer waveguide 

[0154] Varnish solution V23 was poured onto Imm thick glass plate and spread to an 
essentially uniform thickness using a doctor blade (wet thickness = 70-micron). Then 
Varnish solution V22 was poured onto the first layer and spread to an essentially 
uniform thickness using a doctor blade (wet thickness = 80-micron). Finally the 
Varnish solution V23 was poured onto the second layer and spread to an essentially 
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uniform thickness using a doctor blade (wet thickness = 80 micron). Then the coated 
glass plate was placed on a hot plate and was heated at 50**C for SOminutes to allow 
the mesitylene to evaporate and form a solid accumulated film. The film was exposed 
to UV light (365nm) through a positive tone photomask (exposure dose = 
3000mJ/cm^) and heated for 30 minutes at 85*^0 and for 60 minutes at ISO^'C, 
respectively. A waveguide pattern was visible after the glass plate was heated at SS^'C 
for 30 minutes. Propagation loss for this waveguide was measured using a ''cut back 
method" and was determined to be 2.0dB/cm. 

Propagation LfOss Measurements 

[0155] Propagation losses for each of the single-layer waveguides fonned by eight vamish 
solutions V24-V31 and the ihree-layer waveguides formed by two vamish solutions V21-V22 for the 
core layer and one vamidi solution V23 for ihe cladding layer were measured in the same manner as 
explained above. 

[0156] Results of propag3tion loss of flie single-layer waveguides are shown in Table 3, and results of 
propagation loss of the three-layer waveguides are shown in Table 4 below. 
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Table 3 



Vamish 
solution 


V24 


V25 


V26 


V27 


V28 


V29 


V30 


V31 


Energy of UV 
Exposure 
(W) 


6 


3 


6 


3 


3 


3 


6 


6 


Waveguide 


WGU 


WG12 


WG13 


WG14 


WG15 


WG16 


WG17 


WG18 


Propagation 
loss[dB/cm] 


0.6 


0.3 


0.4 


0.4 


0.4 


0.2 


0.5 


0.2 



Table 4 



Vamish solution for cladding 
layer 


V23 


V23 


Vamish solution for core layer 


V21 


V22 


Energy of UV Bq)osure 
(J/cm^) 


3 


3 


Waveguide 


WG19 


WG20 


Propagation loss [dB/cm] 


3.0 


2.0 



[0157] While the onbodiments of the present invention are described about the PFTDM iiKluding 
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noibomene-type monomers, the present invention does not limit to such monomers. Monomers other 
than the noibomaie-type monomers include ones which can be polymerized or crosslinked by means of 
addition polymerization and ring-opening polymerizatioiL Exemplary monomers axe aciylates, 
methacrylate, epoxides and styrenes, etc. 

[0158] While the anbodiments of the present invention are described about the PUDM inclxiding 
noibomene-type polymers, the present invention does not limit to such polymers. Polymers other than 
die norbomene-type polymers include ones which can function as a matrix in vMch a monomer can be 
difiused and polymerized or crosslinked, and/or, in which a cleavable pendant group is included 
Polymers as the matrix should be transparent v/h&n polymerizing the monomers in die matrix. 
Exemplary polymers are polyacrylales, polymethacrylales, polyimides, epoxides and polystyrenes, etc. 
[0159] While die embodiments of the present invention are described about the PITDM including 
specific photoinitialors (photo acid generators), the present invention does not limit to such 
photoinitiators. So long as die activating temperature for the procatalyst (catalyst) is changed (e.g., 
raised or decreased) due to actinic radiation, or so long as the specific moiety in die pendant groiq) of a 
matrix is cleaved due to actinic radiation, any photoinitiators can be used. 

[0160] While die embodmenls of die present invention are described about die PITDM includmg 
specific procalalysts, die presort invention does not limit to such procatalysts. So long as die activating 
temperature is changed (e.g., raised or decreased) due to actinic radiation, any procatalysts can be used. 
[0161] In view of die above, inventors of die presort invention disclose die following embodiments: 
[01621 A m^hod for forming an optical wave guide structure, comprising die steps o£ 

providing a first material layer comprising: a first polymer maHix; a photo acid generator, a 
procatalyst; and a first monomer; 

detonuning a first region and a second r^on on the first material layer, 

e3qx)sing the first region to an actinic radiation, to deaease an activating tmiperature in die first 
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region; 

first heating the first material layer at a first temperature more than the decreased activating 
tenq)erature in the first region but less than the acdvadng temperature in the second region, to initiate a 
first polymerization in the first region; and 

second heating the first material layer at a second temperature more than the activating 
ten4)erature in the second region, to initiate a second polymerization in the second regioa 
[0163] An optical wave guide, comprising: 

a waveguide layer comprising a first region and a second region, the waveguide layer 
comprising: a first polymer matrix; a first polymer fimned in flie first polymer matrix; a photo acid 
generator, a procatalyst and/or residue(s) thereof tiie photo acid generator and/or tiie procatalyst serving 
to change an activating temperature for forming the first polymer when being exposed to an actinic 
radiation, 

where the second region has a concentration of repeating units of the first polymer lower tiian 
that of the first region, and 

v^ere die first region has a refi:active index different fiom that of tiie second r^oa 
[0164] The optical wave guide, comprising: 

a waveguide layer comprising a first region and a second region, tiie waveguide layer comprising 
a first polymer matrix having an acid cleavable pendant groiq), 

wherein the second region has a concentration of the pendant groiq) higher than that of the first 
region, and 

wherein the first region has a refi:active index dif^ient fix)m that of the second regioa 
[0165] A method for forming an optical wave guide structure, comprising tiie steps of: 

providing a first material layer comprising: a first polymer matrix having an acid cleavable 
pmdant groiq>; and a photo acid generator, 
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detennining a first r^on and a second region on the first maierial layer, 
exposing the first region to an actinic radiation, to release die pendant groiQ) in the first region 
fix)m the first polymer matrix; and 

heating the first material l^er. 
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CLAIMS; 

1 . A photo-induced tbermally developable film comprising: 

a polymer matrix comprising one or more norbomene-type repeat units; 

at least one noibomene-type monomer, 

aprocatalyst;and 

aphotoimdator. 

2. The film of Claim 1 fiirdier comprising at least one antioxidant 

3. The film of Claim 2 v/bsse the polymer matrix is a homopolymer or copolymer of noibomene-type 
monomers. 

4. The film of Claim 3 where the polymer matrix is a copolymer. 

5 . Hie copolymer of Claim 4 vAiexc said copolymer conqirises hexyl norbomene repeat units and 
diphenylmethyl norbomenemethoxy silane repeat units. 

6. The film of Claim 1 where the at least ore norbomene-type monomer comprises a norbomene-type 
crosslinker monomer. 

7. The fitoi of Claim 6 fimher comprising at least one antioxidant 

8 . The film of Claim 7 v4ierc the at least one norborrene-type monomer fiiitfier comprises a 
norbomene-type monomer having an alkyl pradant group. 
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9. The film of Claim 1 fiirther comprising at least one antioxidant and \Aete the at least one 
norbomene-type monomo: comprises hexyl noibomene and bis-noibomenmidhoxy dimelhylsilane. 

1 0 . The film of Claim 1 vAere the polymer matrix is a copolymer CQnq)risii^ hexyl norbomme repeat 
units and diphenylmethyl norijomenemethoxy silane repeat units; the at least one noibomene-type 
monomer conqmses hexyl norbomene and bis-norbomenemelhoxy dimethylsilane and the film fiirther 
comprises an antioxidant 

1 1 . An optical wave guide comprising a waveguide layer conqpriang a core region and laterally adj acent 
cladding regions, wherein the waveguide layer comprises a first norixwnene-type polymer material 

12. The optical wave guide of Claim 1 1, ^?^iierein the first norbomene-type polymer material is a 
copolymer comprising two different types of norbomene-type repeating units. 

1 3 . The optical wave guide of Claim 1 1 fiirther comprising a cladding layer adjacent the waveguide layer 
wherdn the laterally adjacent cladding regions and the cladding layer collectively sunound the core 
region, and v^iere the cladding layer con^rises a second norbomene-type polymer material. 

14. The optical wave guide of Qaim 13, where the first norix)mene-type polymer material comprises 
hexyl noibomene repeating units. 

15. Hie optical vs^ve guide of Qaim 14, where the second norbomene-type polymer material comprises 
hsxyl norbomme repeating units. 
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16. The optical wave guide of Claim 14, where the second norbomene-type polymer material comprises 
noibomene-type repeating units that include a pendant groiq) having an epoxy moiety. 

17. A method of fonning an optical wave guide structure comprising: 

providing a first mateial layo* comprisii^ a norbomene-type polymer matrix and a photo acid 
generator, a procatalyst and a norbomene-type monomer dispersed uniformly in ttie norbomene-4ype 
polymCT matrix, the first material layer having a first refractive index (RI); 

causing the photo acid generator to genmte an add and a weakly coordinatii^ anion (WC A) in 
a predetennined region of the first material layer, the acid and WC A serving to convat at least some of 
the procatalyst within the predetennined region to an active but latent catalyst; and 

activating the active but latent catalyst to cause polymeriizadon of the noifoomene-type 
monomer in the predetennined region, vih&ce the polymerization causes the first RI to become a second 
RI within the predetennined area and a third RI in a region laterally adjacent the predetennined region, 
where one of the predetennined region and the laterally adjacent region is a waveguide core region and 
the other is a waveguide clad region, the waveguide core region and laterally adjacent waveguide clad 
region being optical waveguide structures. 

1 8 . The method of Claim 1 7, fijrther comprising providing a second material laya: disposed on the first 
material layer, vAiett the second material layer comprises a norbomene-type polymw. 

19. The method of Claim 18, where the norbomene-type polymer of flie second material layer comprises 
a noibomene-type repeating unit having a pendant groiq) comprising an epoxy moiety. 
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20 The method of Claim 17, further comprising after flie activating, heating the first mataial layer to a 
first temperature for a first period of time and subsequently heating the first material layer to a second 
temperature for a second period of time, where the second traiperature is hi^er than the first 
tenq)erature. 

21 A method for forming an optical wave guide structure, comprising: 

providing a first material layer, having a first refractive index, the first material 
layer comprising a first polymer matrix, and a photo acid generator, the first polymer 
matrix comprising repeating units having an acid cleavable pendant group; 

exposing a first region of the first material layer to actinic radiation, the actinic 
radiation having an appropriate wavelength to cause the photo acid generator therein 
to generate an acid and a weakly coordinating anion, the generated acid cleaving at 
least some of the acid cleavable pendant groups; and 

first heating the first material layer to a first temperature sufficient to change 
the first refi'active index to a second refractive within the first region. 

22 The method of Claim 21, the first material layer further comprising a second 
region unexposed to the actinic radiation. 

23 The method of Claim 21, the first material layer further comprising a latent 
catalyst and a norbornene-type monomer, the latent catalyst having a first activation 
temperature. 

24 The method of Claim 23, where the exposing, within the first region, lowers 
the first activation temperature to a second activation temperature. 
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25 The method of Claim 21, where the exposing, within the first region, lowers 
the first activation temperature to a second activation temperature, the first 
temperature being equal to or greater than the second activation temperature but less 
than the first activation temperature. 

26 The method of Claim 25, further comprising second heating the first material 
layer to a second temperature at least equal to the first activation temperature. 

27 A method for forming an optical waveguide structure comprising: 
providing a first material layer, having a first refractive index, comprising a 

first polymer matrix comprising norbomene-type repeating units having an acid 
cleavable pendant group, a photo acid generator, a latent catalyst, and a first 
norbomene-type monomer; 

exposing a first region of the first material layer to actinic radiation, the actinic 
radiation having an appropriate wavelength to cause the photo acid generator to 
generate an acid and a weakly coordinating anion, the generated acid cleaving at least 
some of the acid cleavable pendant groups; and first activating the latent catalyst 
therein; 

first heating the first material layer to a first temperature sufficient to second 
activate the first activated catalyst, the second activated catalyst causing the first 
norbomene-type monomer to form a second polymer matrix; and 
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second heating the first material layer to a second temperature, higher than the 
first temperature, the second temperature sufficient to third activate un-activated latent 
catalyst within an unexposed second region of the first material layer and to eliminate 
cleaved portions of the acid cleavable pendant groups from within the first region, 
whereby the first refractive index is changed to a second refractive index within the 
first region and to a third refractive index within the second region, the second 
refractive index being different from the third refractive index. 
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ABSTRACT OF THE DISCLOSURE 

Embodiments in accordance with the present invention provide waveguide stmctures encompassii^ 
norbomene-type polymers and methods of forming such structures where core and laterally adjacent 
cladding r^ons are photonically defined. Some embodiments of tiie present invention provide 
waveguide stmctures where core regions are collectively surrounded by laterally adjacent cladding 
legions and cladding layers that ^conq)ass norbomene-type polymers and methods of forming such 
structures. 
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